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ABSTRACT

A computer code wos developed for predicting the convective ond
v radiative heat traonsfer to the surface of a flot plate with hypersonic
'?¢‘ boundory layer flow and with injection of absorbing, emitting ond
scattering particles due to ablation. The program was used to study the
AT heat transfer rote os a function of wall and freestream tempero£ures and
NN Mach Number of the flow. The results were also obtained to study the
effect of injection of absorbing and scattering particles in the boundary

layer on the heat flux as a function of wall ond freestream temperatures,

e

%gs Mach Numbers aond particle radiotive properties. It is seen that, if there
B 1s strong external incident radiotion, the injection of scattering particles
ﬁg:: reduces the radiative flux by as much as 75% depending on the scattering
;j; coefficient of the particles and the particle density in the flow.

U

'ﬁﬁ‘ A review of the published literoture shows that the data of the

ég% radiative properties of porticles 1s lacking. Also the data on the

32; radiative properties of modern composite materiaol surfcces 1s not

fa* available.
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NOMENCLATURE
)
a A tabulated coefficient dependent on the particle size
parameter and refractive index

:5& A Defined in equation (39)
%%i Asc Effective absorptivity in the presence of scattering
i B Defined in equation (40)
f&? BB, Diffuse surface radiosity
;&? c Mass fraction of injected species
il

* Dji Coefficient of Diffusion of Specie j into specie i
iﬁi Dp Diameter of spherical particles
fé? e, Black body emissive power
T{a E Hemispherical radiant flux
ﬁﬁ‘ € Nth order exponential integral function
ﬁé G bDefined in equation (10)

R H Stagnation enthalpy

ii% I Radiation intensity

fig J Change in intensity due to absorption, emission, or scattering
e,

X K Coefficient defined by K’ = a(a+28)

;;: 1 Prandtl's mixing length
jas m Coefficient defined in equation (26)

B m Real part of the complex refractive index m(l-ix)
ﬁ;; P Pressure
'%;‘ Pr Prandtl number

. Pn Nth order Legendre polynomial

}%ﬂ Qc Convective heat flux at the plate surface

X

s;: Qq Radiative heat flux

d QT Total heat flux due to convection and radiation

ii
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R Volumetric density of spontaneous radiation
Rf Reflectivity

Rex Local Reynolds number

S Scattering function

T Temperature

u x- component of velocity

v y~ component of velocity

x Distance parallel to the plate surface

y Distance normal to the plate surface

z Particle size parameter

Greek Letters

a Absorption coefficient

8 Extinction coefficient

Y Scattering coefficient

6 Coefficient defined in equation (28)

bx Boundary layer thickness

L] Polar angle between the incident ray and the scattered ray

u Cosine of the angle between the direction of propagation and

the x- axis

Mot Effective viscosity

] Density

[ Azimuthal angle

w Solid angle

n'a’ Tabulated parameters relating T, and Bx of the particles
4 Optical coordinate

10 'Optical thickness

il




] .
Subscripts
a Pertaining to absorption
e Pertaining to emission
. eff Effective property
; 8 Pertaining to scattering of beam initially in the direction
of propagation
: s’ Pertaining to scattering of beams from all directions into
2t the direction of propagation
¥,
X x Pertaining to location x
’ w Pertaining to wall
:;'
3 © Pertaining to freestream
x A Monochromatic or wavelength dependent property
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u
L X1
‘!
“
.
.
o
“.'
iy
»
i‘ ¢,
2y
o
4
.0
of
'0‘
"'_;
h
jiv
'

X ) T R " A DAL :
“" DN A’J .'h"'i.: &b"“;’ .-"’i?v.‘ba.a.ﬁ‘z_" )_ﬁt'}‘i! .c




INTRODUCTION

Prediction of rodiative and convective heat tronsfer to the surface of
a hypersonic spaoce vehicle is very important in the design ond development
%r of such vehicles. The predicted heat flux at the surface gives an
importont boundory condition for the onalysis of heat transfer through the
skin to the inside of the vehicle. However, this 1s a complicated problem
especially when the medium of the boundary layer participates in the
radiative heat transfer. If the aerodynamic heating is so high thot the
. vehicle surfaoce materiol ablotes, the problem becomes even more
. complicated, since the mass injection due to ablated material not only
aoffects the flow in the boundary layer, it also affects the radiative
transfer because the particles of injected mass absorb, emit and scatter
thermol radiation. The ablation phenomenon can be used as a tool for
structural cooling. And if intense incident radiation is expected, such as
V from a nuclear blaost or a laser weapon, the injected particles can be used
to scotter ond reflect the incident raodiation away from the vehicle
surface. This con also be achieved by injecting particles with high back
scottering coefficients, into the boundary layer.
if This study was undertaken to develop a computer code for predicting
convective and radiative heat transfer to the surface with hypersonic
boundary layer flow and with injection of absorbing emitting and scottering
) particles into the boundary layer. This was done by incorporating a

rodiotive heat tronsfer analysis developed by the author (1] into a

ﬂ; turbulent boundary layer code developed by Patankar and Spalding [2]. The
N moss injection into the boundory layer was added into the computer code to
study the effect of ablotion [3].

The computer program developed in this project was used to predict the




radiative ond convective heat tronsfer rates to a flat surface from the

boundary layer ond from on external rodiative source. The heaot tronsfer

rates were studied as a function of wall ond free stream temperatures and

Mach Number of the flow. Then the results were also obtained to study the ‘
effect of injection of absorbing and scattering porticles in the boundary %
layer on this heot flux to the surface, as a function of wall ond free |
stream temperatures, Mach Numbers and particle radiative properties. It is

seen that if there is strong incident radiation (we assumed 1,8¢¢ Btu/ftz-

sec.) the injection of scattering particles reduces the radiative heot

transfer by as much as 1% to 75% depending on the scattering coefficient of

the particles and the particle density (or volume fraction). This happens

without much change in the temperatures in the boundary layer becaouse the

reduction in the incident radiotion is mostly due to reflection to the

outside rather than absorption. If there is no incident radiation from on

external source and the thermal radiotion is moinly due to high free-stream
temperotures, the injection of scottering particles is not effective in
reducing the rodiative heat flux, because the scattering particles
themselves emit thermal radiation at the boundary loyer temperatures and
offset any reduction by scattering. However, the injection from the sur-
face reduces the temperature gradient at the surface thereby reducing the
convective heat tronsfer and hence the total heat transfer to the surface.
The results from this study give a boundary condition for heat flux to
the surface of a vehicle which con be used to predict the heat transfer ond
temperatures inside a composite material wall of a space vehicle. The
results for conditions other than those presented, can be obtoined by

running the computer code developed in this study. It must, however, be

pointed out thot this study has some limitotions which must be improved ond




it raises some questions that must be addressed. A limitotion of this
development 1s the woy it models ablation. The ablation process 1s modeled
simply as injection of mass into the boundary layer, without any
consideration of the enthalpy of ablation process ond the various species
obtained ond the surface modification due to ablation. A review of the
literature conducted in this study shows that the dato on the radiative
properties (absorption and scattering coefficients) of particles is almost
non-existent. Also, the data on the radiative properties of modern
composite material surfaces is not available. Another question that this
study raises is how the surfoce ablation of the composite material affects
the surface roughness which then affects the drag ond the convective heat
transfer to the surface. It is hoped that the deficiencies in the computer

modeling and the other question raised in this study can be tackled in the

Phase II of the project.




THEORETICAL DEVELOPMENT

In order to anolyze the rodiative ond convective heat tronsfer in o
turbulent boundory layer over a wall with surfoce ablation, the problem is
formulated as follows:

Figure 1 shows the flow situation and the choice of coordinote system.
The problem is formuloted os o steady turbulent boundory loyer flow of air
past a flat plote at zero ongle of ottaock. Effect of ablation is modeled
as mass injection from the wall into the boundary layer. There is assumed
to be no shock loyer present in order to keep it purely boundary layer
problem. However, outpqt from a shock analysis could be used as input to
this boundory layet problem in order to effect o solution to the entire
flow field.

The governing equations for steoady, two-dimensional, raodiating,
turbulent flow are:

(a) the conservation of mass

F]
35 (ou) ¢ %;-(pv) =0 (1)

(b) the conservation of X-momentum

u u_ 3 uy _ 4P
Uty T (vere. 2y’ ~ ax
(2)
(c) the conservotion of energy
. 2
aH aH _ 2 | Veff oM, (,___1_)‘__31_ - DIy Qg
PUST OV Ty | R y Veff Py 2 (3)
eff eff
the concentration equation for the jth specie:
aC. 3C. aC.
_1_2 (,p.. —L)=0
ou .S:L tov 5t - gy 0si 3y (4)
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where u, v, p, H ond C represent the time averoged values of the fluctuot-

"

ing turbulent quantities. ¥ ond Pr are called "effective™ tronsport
- eff eff
properties ond refer to the turbulent ond lominar contributions to shear
ﬁa; and heaot flux respectively. Expressions for these quantities are given {n

0 Appendix A. Since the flow is steady ot zero angle of attack, it is quite

easy to show thot

b, 4
Y . P . 0 for the flat plate
' dx

The last *erm in the equation (3), divQ , is called the radiotion

R
St source term. In o high speed, viscous boundary layer, locally the tem-
O perature gradients in the Y-direction will be faor greater than the tem-
NN perature graodients in the X-direction. For this reoson, o one dimensional

Uy radiative transport regime is assumed.

2O Therefore,

4 f' dQg, (5)
LA = =
e WGl R H @

This term can be calculated using o simplified onaolysis developed by

i Goswami and Vachon [1] and described in the next section.
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RADIATIVE HEAT TRANSFER ANALYSIS

This section describes the general equaotions of radiotive heat transfer
in absorbing, emitting ond scattering medium ond olso describes the
development of a simplified analysis of the above problem. The simplified
analysis was first developed by Goswami ond Vachon [1] and was called as
effective absorptivity analysis. Since then, the approach has become
accepted in the scientific community ond is now known as “SCALING" [4-6].

A. General Equations of Rodiative Transfer

In order to formulate the equation for the rodiative flux vector in on
absorbing, emitting and scattering medium, it is necessary to develop the
expression for the intensity of radiation, IA' within the medium. To this
end, the development of Sparrow and Cess [7] is referred to.

Referring to Figure 2, the intensity of rodiation within the medium,

+
IA(x.e). con be considered to be composed of two contributions, {.e., Ix(x.e)

directed in the positive x direction ond Ix(x,G) directed in the negotive x
direction, such that:

I,(x.8) = I}(x,0) - 17(x,0) (6)

+ -
To find expressions for IA and IA‘ a radiation balance is performed on

@ volume element of the medium as shown in Figure 2. As o monochromatic

+

beam of intensity IA(X' © passes through the volume element, its
+

intensity is changed by an omount dIA' This change consists of:

+

1. Attenuation of Iy due to absorption within the element by an
omount JA'O:

+

2. Attenuation of_IA due to scattering by suspended particles 1in

the medium or by the molecules of the medium by an amount Jx.s;
+

3. Augmentation of I, by on amount J,.S. s a result of energy

scattered into the beom from other directions;

+
4. Augmentotion of I, due to emissjon from the elemental volume
by an omount Jy.e.




FIGURE- 2. RADIATION BALANCE IN AN ELEMENTAL VOUUME




+
Therefore, dIA can be written as:

+ .
I, = Jx,a - Jx.s * Jx.s‘ * Jx.e (7)

Substituting the expressions for the term on the right hond side of
+
equation (7), Sparrow and Cess [ 7] obtained the equation for 1. as

A
dl‘ (~ ) a Y
A x’u’ <+ A A
» TTA - = -ll (1xouo‘) + 'ex ebA“A) + 4*81 GX(‘A) (8)

In the same maonner, they obtained the equation for IA as:

, dlxszi,uw) ) _1; (tupae) + ':: em(f) + -4—:—:37 GA(TA) (9)
where
2n
G0 = [ f.1 L (500" )S(u" 10" 5u00) d-dg (1)

Bl in the above equation is called the extinction coefficient

) ond t_ is called the dimensionless optical thickness given by

(By=ox*Mx A

X
T, < ! eldx (1)

Equations (8) and (9) are the equations of transfer. The boundary

conditions for these equations depend on the particular problem at hand.
In the cose of an absorbing and emitting medium, equaotions (8) and (9) are

simplified considerably.

In such a case

ﬂA = o, and ABY * foxdx




- ., -

S

and (8) and (9) become

+
dlx ebx (12q)
y —_—— = i | +
d- A "
A
dIA = -I- +e_b§.
v 3;; A w (12b)

The monochromatic radiation in the X-direction is given by

= (13)

for a one dimensional rodiative transfer case, the boundary conditions for

equations (8), (9) ond equations (12) can be written as:
+ +

at TA € 0 Ix(tl.u) = IA (O.u) (1“)

at TA = 'l’oA l;(TA.U) I (TOA' U)

The expression for Q for absorbing, emitting ond scattering media becomes
R

]
QRX(T)) = z'f I;(ovu)e-TA/u IJdU'Zl I (‘l’OX -u)e (YOx-tx)/Uudu
0

1* cx YA (15)
v2 [T[Re, e ﬁ:cx(t)] ¢plr,-t)dt

z_[[ e, (t) + 4;* Gx(t)]cz(t-rl)dt

A

10




where . oare the exponential integral functions defined by
n

)

ca(t) = /u"'z et g, (16)
0

Similarly for aon obsorbing ond emitting medium, we hove from (12), (13) and

(14)
1 ]
QRA(IA) = Zuf I: (O.u)e-”/uudu -an l;(VOA.-u)e-(tOA-YA)/uudh
0 0
(17)
Ta T0a
+ 2_[ ebl(t) cz(tl-t)dt -Zf ebx(t) CZ(th)dt
0 1
A
and
1 1 -
dQ
- i = + -1 / -
d‘l 2"[ IA(O»U)G alv du + 21![ IA(YOA-‘D)Q-(TOA-TA)/udu
0 0
(18)

‘0
. z..fo e (t) ¢y(r,-t[)at -4 e (¢)

Equations (8), (9), and (14) aore quite difficult to solve numericaelly and
result in o very complex computer prograom.

An alternative analysis has been developed using a different approach
which results in considerable simplification in the radiotive transfer
analysis for an absorbing, emitting, ond scattering medium. This develop-

ment 1s described in the next section.

1
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B. Effective Absorptivity Anolysis

It con be seen from the previous section thot by aossuming the
scottering coefficient T, to be zerco, and therefore Bxéax . the equations
8. 9, ond 15 can be simplified considerably to become equations 12a, 12b
ond 17 respectively. The simplified equaotions 12 and 17 neglect
scottering. I1f, however, an expression for the absorption coefficient
can be found thot includes the effect of scattering, then equations 12 ond
17 will describe radiative heat tronsfer in an absorbing, emitting ond
scattering medium. This is precisely what is done in the Effective Absorp-
tivity Analysis described below:

Consider a case of radiative heat transfer between two infinite
parallel plates with an intervening medium of on absorbing, emitting and
scattering gas (Figure 3). Consider o thin layer of the gas in the medium.
Assume the raodiont heat flux vector to be in the form of a difference of
two fluxes in the X-direction flowing in opposite directions. The

+ -
differentiol equations for the intensity of radiotion I, ond I,, as

derived earlier can be written as:

dI (u.x) 2%

v T——-= -8, 1 (u.x) + —;'f Ix(u'.x)s(u‘.u)dw' +
4x

dI ( .X) Y
T UC R 7 IR LRI

Integrotion of (8) over a hemisphere gives:

/ g—x (lzu)du = -a, f l;(u.X)dw - Ylf l:(.,,x)dw

i;" 2" 2' 2“‘ (19)

+

Y i
A . . ; :
. Tﬁ-ﬁwﬁx(u wX)S(u ,u)de + 20,

8 2n  Lm
5 +

g 13




. o o

11

Here j2 represents jintegration over hemisphericol solid angle (Figure 3)
L
sucn thot . measured from the positive normal, varies from 1 to @ and f
-
represents integrotion over o hemispherical solid angle such that p measured
from the positive normal varies from @ to -1.
The second term on the right hand side of (19) con be written as

+ + . .
Y, f IA(U.X)dw‘ "’af lx(u +X)dw
2‘4, 2!+

":_}J[II(U'.X) JfS(u'u')dw:,'dm‘
L 4n

[ %; fS(u.u’)dw=l]
4
-2 [ [ TG stu)e

4‘ 2'*

(20)

Substituting (18) in (19), we get the right hond side eguol to

-a / (v,x)dw - r[ /du /I (v°yx)S(u,u”)dw

/dw/ I (V 'x)S(U'V )dw] r[/ dw/ I (U .X)S(D.u )d“’
' ‘+
/ du/ I (u WX)S(uau” )du] + Za e

Noting that integration of I, on 24, will be the same as integration of
+ + +
I. on 2 . equation (19) becomes

A
d
ax / I,udw = -a /l (v.x)dw - -—/ dw/l (12 x)S (b0 )dw" (21)
Zn‘» 21 2n_ n,
4—A/ / L (b x)S(un)da- + 2a,€,
20,
14

USRS H a,;’s‘.. .;f.- .; "‘L. R LR ‘§ ‘ i' r ‘I. i . I 3 s ;‘?.,:‘l,“"\". X “ ﬁ‘,— d;"‘%'kﬂi‘:,i'-‘S‘t.gi.i‘,‘!ﬁa




Equation (21) con be written in compact form as:

% E + 6 m [+ El (220)
o -l h, Yx)mx+ A, ™ a2
Similarly, from (8b) one con get: 1
dcx— )m, E 3 m E ¢ El (22b) |
o i Uhihe VAL L W VRS VA M Vi WO

Equations (220) and (22b) are the differential equations for the fluxes

EX+ and Ex-. In these equations, the terms are defined os follows:
£, " /xx vdu (23)
2x
EA_ = zl-lx udw (26)
R, = Spectral volumetric density of spontaneous radiation.

and

/ I (u,x)dw
&, *

m o= (26) |
+ / I, (u,X)uda |
2n |
+ 1
/ Ix(u.x)du |
2n_
m e (27)
A_ llx(u.x)udw
2n_
/d“‘/ lx(u’ox)s(u.u’)d“"
21!_ Zw‘
6 = (28)
A, 41:/ lx(u’.x)dw'
21-*
[odof 1 0stu)der
n, T2n_ (29)
6)_ * 4n / Ix(u'.X)dw'

2n_




If IA is isotropic within the limits of the hemispherical angle m and m
Ay A

turn out to be equal [8].

m = m = m g2
A, A_ A
while the coefficients 6A and 6A for the axisymmetrical characteristic
+

curves of arbitrary shope are also found to be equal to one another and are
determined from the following:

1 Ad. .-
é = § = § = ] dow / S(Vnu )dw
A A A (30)
+ - 8'2 2'+ 2‘

From (22a) and (22b)

+

d(EA+E ) de,
+ - c - + E. +R
o = 2(“A*zax'x)sx++2(°l 26,7, JE, + R,

= -2(°A+2617A)CA + RA

and

+ - A )
dx dx 2°xEA+ 20,E,
+
, = -2a,¢c,
dc: -
dc;
I = "2

d2¢ (33)
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where

K2 = +
3 = oley +2,)
The solution of this equation is found to be

2K x -2K.x a.R
€ = Ae L Be AT, A2
2K§

and

Therefore EA and EA are obtained as
+ -

Boundory conditions for the layer are

<+ Ax]

3 = + s F
N 3 and EA- l 3
X'X] X=X

Substitution of these conditions in (37) ond (38) gives A and B as

(34)

(35)

(36)

(37)

(38)




»

4 -20 % K
Kl -2'1))\2 . 2 (1 (l ¢-zxm ¢ - t‘x“; 1- Lle N AW =
21¢-~je "L ¢ ol ax 3 a
L] axy a 2 A A

-2K x
e )\]
3

A= -
s . £ \® -2% (x.-x,)
(‘- '_"_L) ezK‘(X! lz) _ (‘.. :‘.) e f R | 2 (39)
ul A
26 A (‘ ﬁ)eZKAM i ok
8 = (48)
k) ) °2le~‘
(1 « 2 \e
%
Transmissivity of the laoyer from x to x is
1 2
X‘XZ
3
A -
* EAx2=0
3
A%y | (o)
8 K -2K. X “ARA
AD Kl ZK)XZ R —g 1+ Y e 272 4 ——
. 7 1- = e 7 a 4K2
et A A Y
XXI
where
K -2K_x a R K ~-2K x K -2K x
2(]___1 e 125: - xk(l__g_e AZ-“‘A e A
" Xy k2 “A %
Ap = A
K 2 ; - 2 2k -
LR e2kl(x] xz) i El . ZVA(x] X5) (e2)
% %

o R
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Reflectivity "R " of the layer is

f
X=X
£ 1
A E-
Ax,=0
R, = 2
f +
Exx] (64)
K 2K x, B Ko\ =2Kx;  oR,
.1 - fg 1+ 2)e M1 52 1 - ;l e ™
E+ 2 ay A 4Ki‘
AX ‘
1
Absorptivity "A " = 1 -~ D - R
sC f
[ ) o )
= 1 - = {§{1- — Je -1t —)e
E+ 2 GA 0)
AX
1
(45)
B K.\ -2K x K,y -2K x
) e
2 N o,

Equation (45) is the expression for absorptivity which includes the effect

of scattering. This is given the name “effective obsorptivity in the

presence of scattering.”

Recalling that

Absorptivity A(x) = 1-e %iX (46)

on effective obsorption coefficientux can be obtaoined from the effective

sc
obsorptivity of o layer of thickness (x -x ) from the relation
2
—ay  (Ix,-x71)
A =1 .-e }sC 27 (47)

SC

thus colculoted is the coefficient which taokes into account the effect

a
AS(‘.

of scattering. Absorption coefficients calculoted by this method are used
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in the calculction of heat rodiation from equotions (17) and (18):

1 1
. -t /v _ (v .-t /v
QRA('(A) = 2!/11(0-\1)8 » dy - z'l[lx(’ox.-u)e o A4
() °

(17)
TA ‘oa
* 2/ epa(t)ep(ry-thdt - 2/ ey, (e, (-1, )dt
(o] T
and
1 1
dqQ (v -7, /v
R v, /v - ox A
A 2n [I+(O.u)e A du + Z'JIA(TOX.-U)e du
dtA J oA
Y (s]
oA (18)
* 2/ ebx(t)‘l“‘x'tl) - ey, (v,)
(o]
Y ih these equations is
X (48)
‘) =f akscdx

It should be noted that the above equations (17 and (18) are for an
absorbing ond emitting medium. By substituting the coefficient QSC
calculated from (45) and (47) for the regular cbsorption coefficientux,
these equations will describe the radiation transfer for an absorbing,
emitting, and scattering medium.

Assume that the wall surface is black with respect to radiation, and
thot any radiation incident on the edge of the boundary layer has a
wavelength distribution identical to a perfect radiotor, and furthermore,

that raodiotion emitted from the surface or at the edge of the boundary

loyer is emitted diffusely. Then

20
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8 e
w b 8 € (49)
':(O.U) - b - b=

K 1 (rgaev)

where B and Bc“ are the surfoce radiosities. It follows immediately that
+! wA

./

1 -
/[ 1;(0, 2 v (s6)
{ 1(0,) e v Zewacs(rl)

1 ~(1q.-7. )/
- 01 by u (51)

AR

A 1 + "x/u
o 21'/ 1 (O.u) e dy = zeb ‘2(‘l) (52)
o v

1 (-1 )u
. - 0 A
f:‘!: 2'0 ll("“.-u) e A du = 2eb.;2(1°x-"‘) (53)

PR
- .

K Now equation (5) becomes

L _J
i ~div 0 = / 2 ‘
o R a € (1) + e . (53)
N A sel b, 2R b"a(’(""\ )

foA
:: 44‘ ebx(t) (’("l-t') dat - Zeba(") di
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Scottering Function

A

The scottering function 5, ( 6, ¢ ;0 ,® ), sometimes caolled phase
function, characterizes the directional distribution of the scaottered
e energy, such thot

t c - duw
:.’ Sx(e .¢ » e. o) 4“

represents the probobility that radiation in the frequency intervol dx
centered ot A and from a direction (6°¢® ) will be deflected in o direction
©.9¢) within o solid ongle "dy". Figure &4 shows o coordinate scheme for

the scattering function. The integral of this quantity over all the solid

Ry angles should, therefore, be equal to 1.
“"AA
| ie. ﬂ—fsx(e'.o‘;e.o) do = 1
4
iy
e
XA
:J{; Scattering by o single particle is called "single scottering." If qa

relotively few porticles exist in the volume, the scottering can still be
e characterized by "single scottering™ but will have an omplitude proportional
,59 to the number of particles in the volume. As the number of particles is

increased, eoch particle is subjected to increased rodiation scattered by
325 other porticles. This type of scattering is charocterized by "multiple
scattering.”

Analytical determination of the scattering function is made by solving

g‘. Maxwell's Equations for the propagation of electromagnetic waves with the
Wy appropriate boundary conditions. The problem was first solved by Gustav
_ Mie. The development aond results were reviewed in detail by Van De Hulst
(8) ond will not be given here. According to Mie's theory, for homogeneous
spheres, the scottering function moy be expressed as a function of the size

P parometer *2" ond the refractive index "m-ix" of the sphere with respect to

22

s

.
e
N

-

) 3 LN LR A OOCINY N
A "\"‘q"‘u:fi’:f":'!;f'o'f,'d'..0’..:"-’:' R Ot R O




FIGURE 4. COORDINATE SCHEME FOR SCATTERING FUNCTION
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¢ the surrounding medium, ‘

o .- " (s5)
B )

- where

,;g'

qf't

e D = Diometer of the particle

!'\o‘ p

REK,

A = Wavelength of radiation
For volues of 2<<1, a simpler formulation developed by Rayleigh holds
and for large values of 2, principles of geometricol optics are often
utilized. The computation of the scattering function is thus frequently
e classified as below:
s Z << 1 Rayleigh scottering

oyt Z = 1 Mie scattering

”3? 2> 1 Geometricaol scattering
%, M &
Pz
?@, when the scattered radiation is spread equally in all directions, it is
)
e
OLK known as isotropic scattering.
hath s,(e7, ¢75 0, ¢) =1 (56)
e%.
ﬁ%% The scattering function for RAyleigh scottering can be written in the
ol
ot form
rd -, 3 2
'.)G;‘A SA(G ¢ oeo¢) = 1‘( 14’605 e ) (57)
A
.';ﬁ.‘.
¥
A
tﬁ: Here © represents the polor angle between the incident ray and the scattered
ray.

In this study, oxjally symmetric scaottering functions have been used.

o

W

,3?? An axially symmetric scattering function is defined os describing the

—_ condition in which the intensity of rodiation scattered from a pencil of

EXH

tﬁk rays incident on an elemental volume is oxially symmetric with respect to
.48

RS

{}hﬁ the direction of the incident pencil. A further requirement i{s thot the

scattered intensity be findependent of the direction of the incident pencil

24
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with respect to the oxis of the system. Thus for the case of a porticle
with an oxially symmetric scot}ering function, the function may be
tobuloted os o function of o single angle (usuolly the ongle between the
scattered ray and the forword direction of the incident pencil of rays).
The assumption of axiolly symmetric scattering function has been shown to
be a reasonable assumption for random orientotion of porticles by Love and
Beottie [9]. They presented measurements for clouds of aluminum particles,
iron, glass, ond silico particles. A typical plot of the experimentally
obtoined scottering function is given in Figure 5.

In this study, the work of Chu, Churchill and Clark [14] was used to
compute the scottering functions. They prepared their values for real
refractive index and oxiolly symmetric scattering. The extinction and
scottering coefficients were taken from the work of Chromey [11] and are
presented in Figures 6 ond 7.

Chu, Churchill ond Clark [18] haove published o table of coefficients
to be used in a Legendre Polynomial representation of the scattering
function for spheres having real refroctive indices ranging fromm = 6.9 to
M =2.0and m =« and for values of Z from 1 to 36. In their

representation, the scaottering function is expressed as
n:@

S(O) = ]| + z an Pn(COSO) (58)
n=1

where S(6) is the oxiolly symmetric scottering function, o are tabulated
n

coefficients dependent on the particle size paraometer "Z" and the

refroctive index "m." pn(Cose) are the nth order Legendre Polynomials with

the argument Cos8 and 6 is a polar angle.
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SCATTERING FUNCTION S(6)
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FIGUIRE 5. A TYPICAL PLOT OF ANGULAR DISTRIBUTION OF
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Now the scattering function con be written os:

2n
" Sl(u.u') = —;;’/‘SA(G) deo-
0

o ’E: 2w
':i,‘: S (u,u’) =1+ 1 a P (Coso) d¢~ (60)
Erdy AYTe 2w n n
‘:*., n= (4]
Sylusu) = 1+ E a, Pp(u,u”) (61)

- n=

A 2n
(62)
K P (uw) = [ p g

. n(vau”) 7= n(Cose) do

0
ﬁ Chromey (9) hos tobuloted values of parameters which are Jenoted as 1
"’,’.Q
.-_f:;: and }° for particle size parometer Z from 8.2 to 2.6 in increments of .2
oo
ond for refractive index "m(1-ix)"

for m =~ §.5¢, 8.75, 1.80, --------- . 3.00

144
"'i
.,:Zn‘ x = 0.6, 0.1, 6.2, ——--rm-—mu-- . 1.0
AL

[N

The following relationships exist between and and the extinction ond
oy scattering coefficients:
t;‘it
f,..:‘t,w y
B 2 Q-
ok R (63)
I, A
.
o 320
.,‘Br.' = (6“)
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Radiative Properties of Surfaces & Particles

Radiotive properties that have importance in the high speed vehicle
development include:
1. Emittance and reflectance of vehicle skin surface
2. Absorption coefficient and scattering coefficient of
particles that can be injected into the boundary loyer

as coolonts.

3. Absorption and scattering coefficients of ablotion products
of vehicle sheathing

4. Scattering functions of coolant particles ond products of
ablotion.

A computer literature search was conducted to compile the published
data of radiotive properties of materials important to this study. The
available data is being presented in this report. There is very little
data ovailable on the radiative properties of materiols of interest. Most
of the dota available is for the emissivity aond reflectivity of surfoces of
metals {1-8]. The doto for absorption and scattering properties of
particles is almost nonexistent. Goubareff, et. al. [12] compiled the

thermal radiation properties dota available in the fifties ond before. The

dota reported wos mostly for metals, alloys and building materials.
Toulukion and DeWitt [13] also compiled the rodiative properties of metals
and alloys. Unfortunately, most of the data reported in References 1 and 2
is old and there is considerable dispority between doto token by different
investigotors for the same materials. Blau ond Francis [14] presented
measured data of the spectral emittonce of stainless steel and plaotinum and

- inconel surfaces coated with silicon monoxide for o wovelength range of 2

W
52« to 14 microns. They also showed the egfects of surface oxidation which can
an

L}
jG#: change the spectral properties by aos much os 38¢%. The doto is presented

- in Appendix A. Neuer and Warner [15] also showed the effect of surface
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oxidation for steel. Keegan, et. al. [16] presented meosured dota on the
diffuse spectrol reflectance of beryllium, steel, aluminum and platinum

over a wavelength range of .2 to 2.1 microns. This datao is also presented

in Appendix A. Peletskij, et. al. [17] presented data on the total hemispheri-
cal emittance of titanium. The more recent studies on radictive properties
of metallic materiols are presented in References 18 and 19. Romanathan [18]
compared some recent measurements with theoreticol predictions. The doto

for copper, silver, and aluminum is presented in the Appendix A. Makino,

et al. [19]) evaluated theoretically the spectrol ond totol emissivities of
cobalt, chromium and nickel. Their calculated vaolues for cobalt compared
well with the measured values. Therefore, their data for cobolt, nickel

and chromium is presented in the Appendix A.

Radiative properties of surfaces of ceramics and other heat resisting
materiols are presented in References 28 to 27. DeWitt and associotes [20,
21) presented measured volues of spectral emissivity of silicon carbide,
silicon nitride and tantalium. These values ore given in the Appendix A.
wilson [22] reported data of spectral ond total reflectivity and emissivity
of ablaotion chars and carbon and zirconia for temperatures of 2188°'K to
3766‘'K. This dota is also presented in Appendix A. Douglas [23] has
presented the radiative properties of a Mylar-aluminum laminate. Khrustoler
and Rakor [24, 25] presented measured data for total hemispherical and
total directional emissivity for Nobium, Molybdenum and tontolum. The
most recent dota of radiative properties of ceramic materials wos presented
by Makino, et. al. [26, 27, 28]. They presented spectral and total
properties of surfaces of white ceromics (A1 0 , Z O ), black ceraomics (St

N , S1C) ond metollic ceromics (TiC ond TiN). Their data as well as dato

from references 23 ond 24 1s presented in the Appendix A.
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Shofey and Kunitomo [29, 38} ond Kunitomo, et. o). [31] haove presented

. a4 -

theoretical ond experimentol studies of the absorption and scattering

properties of porticles of pigments ond reloted these properties to the
. reflectance of painted layers containing those pigments. While the dato
presented is not of much importance to our study, some of the ideas
presented in thei-~ popers are.

The data thot is lacking the most in the literature is for the
obsorption and scaottering properties of particles and clouds of particles.
References 32 and 33 presented the rodiotive properties of clouds of soot
generated by fires. While this data is not directly useful in this study,
- it moy become useful 1f a method of thermal protection is developed baosed

on this. Therefore, selected dota from these references is given in the
Appendix A. Reference 34 to 36 presented some useful dato on the radiative
properties of particles. Nogy ond Lenoir [34] presented aobsorption and
scattering coefficients of oluminum oxide particles of sizes 6 and 12
microns in the wovelength ronge of 2 to 12 microns. Sanders and Lenoir
(35] presented meosurements of back scattering and extinction efficiency of
graphite and aluminum oxide particles. Love and Beottie [36] also
presented measured daota for clouds of oluminum, iron, glass ond silico

particles. Some selected data from these references in presented in the

B I
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Appendix A.
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RESULTS

Bosed on the theoretical development described earlier in this report,
a computer progrom wos developed thot solves the turbulent boundary loyer
flow equations for mass injection of the absorping, emitting and scottering
particles in the boundary loyer. This wos done by modifying on earlier
code developed by the author. This earlier code (1] involved the inclusion
of radiative heat tronsfer analysis in the Patankar Spalding code for
turbulent boundory layer flow. The modification involved the inclusion of
concentration of species equation in the boundary laoyer flow to account for
the mass injection ond ablation. This modification was taken from another
publication by the author (Reference 3). Since both of the above
mentioned studies (1, 3) had volidated their results separately, ond the
present study involved merging the two no attempt was made in comparing the
present results with any other publication.

The developed computer program was used to obtain results for
radiotive, convective ond total heat transfer to the surface of o flot wall
for various combinations of wall temperature, free stream temperature, Mach
Number and scattering coefficients of the injected porticles. The results
were obtained to analyze the effect of injected particles for protecting
the wall surface from incident thermal raodiotion from on external source.

Figure 8 shows the total heat flux in Btu/ftl-sec. to the surfoce as a
function of the distance from the leading edge of the plate for TW/T‘”of 1,
2, 4 and 6. The total heat tronsfer is the sum of the convective and
raodiotive heat transfer. This figure shows the total heat transfer when

there is no external incident radiotion. In such a case, the radiative

heat transfer is a very smoll part of the total heat transfer. This can be
seen from Figure 9. As seen from this figure the radiative heat transfer

1s less thon .1% of the total heat transfer for TW/T°° equal to 1. The
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relative fraction of the radiotive heot transfer increases os T _ increases
for the same Tw . At Tw/t, of 6 the percentage of the radiative heat
tronsfer increoses to about 5%. Figure 1@ shows the radiotive heat flux to
the surfoce as o function of the distonce from the leading edge for various
free stream temperatures. It is seen from these two figures thot raodiative
heot flux is relotively unimportant when the free stream temperatures ore
not too high. In such o situation ony strategy for thermol protection
should try to reduce the convective heat flux. However, protection from
thermal radiotion becomes important when there is o strong external
incident rodiation source present, such aos 0 nuclear blost or o loser beom.
In this study, we haove assumed the external radiotion source to cause a
uniform incident thermol radiation flux of 186¢¢ Btu/ftz-sec. at the
external edge of the boundary laoyer (Figure 11). Figure 12 shows the
effect of Moch Number on the rodiative, convective and total heat flux. As
seen from this figure, the radiative heot flux is affected very little by
the change in Mach Number. However, the convective heat flux increases
with Mach Number, thereby increasing the total heat flux. Figure 13 shows
a typical temperature profile in the boundary layer in hypersonic flow.

The injection of particles that absorb and scotter thermal radiation
reduces the externally incident radiaotive flux. This is seen from Figures
14 and 15. 1In these figures the effect of scattering coefficient of the
injected porticles on the radiotive ond total heat flux is seen. These
figures show very clearly the potential benefits of using this technique
for the thermal protection of the vehicle surface by injection of strongly
scattering particles. Figure 16 shows the effect of scattering on the
radiotive heat transfer for different Mach Numbers. It can be seen from this

figure that by injection of purely scottering particles it is possible to
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reduce the incident rodiative flux by 75% for flow at Moch Number of 6.
Similar reductions aore seen at higher Mach Numbers also. Figure 17 shows a
temperature profile in the boundary layer with the injection of absorbing
ond scottering particles. If the particles only absorb and do not scotter,
the temperature in the boundary layer will be higher than the cose where
particles scotter radiation. The reason is thot for the case of scattering
particles part of the incident radiotion is reflected out of the boundary
layer instead of being obsorbed resulting in lower temperatures in the
boundary layer. The results show that for the case where there is no
external incident thermal radiction the rodiative flux is a very small
fraction of the total heat flux. In this case, the injection of moss does
not have any effect on the rodiotive heat transfer. However, even in such
o cose, there is o benefit that con be seen from Figure 18. This figure
shows that mass injection in this case reduces the convective ond thus the
total heat flux. This hoppens because the injection of mass reduces the
temperature gradient of the wall, thereby reducing the convective heat

flux.

44




b el B dh Ao b ol Aol o

W
Z
4

oo

Z W

- -

a +

w <

-0

-0

«

O+

n 2
o

Irx

=

-

K i 4

i
1o

7T
t

Xm, 142 1t

TH=~300 A
TINF=300 R
MACH ¢ -8

@s=1000 Btu/ft?;l.c
CH=0.9

2.1

D A
{-

} : 2 st
1.4 1.8 i.8 1.7 1.0 1.9 2.0
T/TINF

WITHOUT SCATTERING

4
T
1.3

17 TEMPERATURE PROFILE IN THE BOUNDARY LAYER WITH AND

-

-
-
.

o o

Fig
00—t

I T T O

R >NOowJdr<
45

: f‘v"l“‘!ﬁ"@ a?i ?f;’ﬁ* o

LI I
(RS 'ﬁ .".?"‘.J

P P AP
s MR REAE LAY R EEY



PAVA
. e le)
¢ L BN o |
ZZF
(e NoNONS]
W w
9
0O0ZZ
W
<N
ZZUNWw
HeERy0
< <
nmx=x
[/ ]
< <~
TEDODD
00
IIIrxrx
| S T T
O
TTIXTX
LI T T+
hg coooCo
8 g ? "
'P& » 8 l Do ]
p‘-u 3.( .
- ?460
% S
t {
I
2 °
b 3 ~ o
u \X : T}-
o b LN
] . -t
F4 b i T
el “ ". s ‘O.
o Vo P
. 4 ]
% \ : i wn
i Lo To
¢ ‘ B I
: . !q
q ¢ < B e
X Vo Z
3 L +3
w l\ . : L3
. '
- . M +° I
L \ - | Q
UJ | . 1 e g
* . 1In *
| : -
-t - . i@
o & '- | o
= <« @ -
S L .
-4 .-\ T'\'
g ‘- !
| o
- . -
[ \ { ™
< \ ‘
-~ a \ n
e = \ ©
.ii, 24
A .- - . D Y . e S -4.°
o o) | | -1 { °
oy T8 8 8 8 e z
g § g ) - o o
s u -t -
.,
e 295 -34 bs/nig -- LD pue ¥
““E’ .
c.l'
e 46




Y R TWPY L VN T T T TR T

TETY TP TR TR T R TR Y T T T "y

REFERENCES

1. 0. Y. Goswami ond R. I. Vachon, Radiotive Heot-Transfer Anolystis Using
an Effective Absorptivity for Absorption, Emission and Scattering,
Int. J. Heot Moss Transfer 28, pp 1233-1239, 1977.

2. Patankar, S. V. and Spalding, D. B., "Heat ond Mass Transfer in Boundary
Laoyers--A General Calculation Procedure,” International Textbook Company,
London, 1978.

3. Goswaomi, D. Y., et. al., "Mass Injection of Radiative and Convective
Heat Transfer in High-Speed Turbulent Flow," Indian Journal of
Technology, Vol. 14, pp 585-598, December 1976.

4. Lee, H. and Buckius, R. 0., "Scaling Anisotropic Scottering in Rodiation
Heat Transfer for o Planar Medium," ASME Journal of Heat Transfer,
Vol. 184, pp 68-75, 1982.

5. Lee, H. and Buckius, R. 0., "Reducing Scattering to Nonscattering
Problems in Radiotion Heat Transfer,® Int. J. Heot Mass Transfer,
Vol. 26, No. 7, pp 1055-1962, 1983.

6. Lee, H. and Buckius, R. 0., "Combined Mode Heot Transfer Analysis
Utilizing Radiation Scaling,"™ ASME Journal of Heat Transfer, Vol. 148,
pp 626-632, August 1986.

7. Sporrow, E. M. ond Cess, R. D., Radiotion Heat Tronsfer, Brooks/Cole,
Belmont, CA, 1966.

8. Von DeHulst, H. C., Light Scottering by Small Particles, John Wiley
and Sons, New York, 1957.

9. Love, T. J. and Beattie, J. F., “"Experimental Determination of Thermal
Radiation Scattering by Small Particles," Report ARL 65-118, Office of
Aerospace Research, U. S. Air Force, June 1965.

1. Chu, C. M., et. al., "Tables of Angulor Distribution Coefficients for
Light Scattering by Spheres,"™ University of Michigon Press, Ann Arbor,
MI, 1957.

11. Chromey, F. C., "Evoluation of Mie Equations for Coloured Spheres, k"
Journal of the Optical Society of America, Vol. 5@, No. 7, July 1960.

12. Gubareff, G. G., Janssen, J. E. and Torborg, R. H., Thermal Radiation
Properties Survey, 2nd Ed., Honeywell Research Center, Minneapolis,
Minnesota, 1960.

13. Touloukian, Y. S. aond Dewitt, D. P., Thermal Radiotive Properties,
Metallic Elements and Alloys, Vol. VII, Plenum Press, New York, 1970.

14. Blou Jr., H. H. and Francis, H. A., "Surfaoce Properties of Metals,"
NASA SP-55, pp 159-163, 1965.

47

. Q
AR ANOCANAN



15. Neuer, G. and Worner, B., "Influence of Surface Properties on the Total
Emittance of Steel," Proceedings of the 7th Symposium on Thermophysical
N Properties, ASME, NY, pp 25@-255. May 1977.

16. Keegan, H. J., Schleter, J. C. ond Weidner, V. R., "Diffuse Spectral
Reflectance of Metol Surfaces,” NASA SP-55, pp 165-177, 1965.

- -y
NN N

17. Peletskij, V. E., Belskaya, E. A., Shur, B. A. and Listratov, I. V.,
"The Investigotion of Electricol Resistivity ond Totol Hemispherical
Emissivity of Titonium,” Proceedings of the 7th Symposium on Thermo-
physical Properties, ASME, NY pp 231-235, May 1977.

P O

18. Ramonothan, K. G., "Temperature Variation of Total Hemispherical
Emissivities of Metals in the Range 150-16¢@ K," Proceedings of the
7th Symposium on Thermophysical Properties, ASME, NY, pp 272-278,
May 1977.

S o Tl e

-

-

19. Makino, T., Kawasaki, H. and Kunitomo, T., "Study of Radiative Properties
KM of Heat Resisting Metals and Alloys (1st Rep., Optical Constants and
Emissivities of Nickel, Cobalt ond Chronium), Bull. of JSME, Vol. 25,

e No. 263, pp 804-822, 1982.

28. Dewitt, D. P., Taylor, R. E. and Riddle, T. K., "High Temperature
¢ Computer Controlled Emissometer for Spectrol ond Total Measurements
v on Conducting and Non-Conducting Materiols," Proceedings of the
7th Symposium on Thermophysicol Properties, ASME, New York,
Wi pp 256-264, 1977.

21. DeWitt, D. P., Taylor, R. E. ond Johnson, P, E., "Spectral Emissivity
o of Ceramics at High Temperatures: Silicon Carbide and Silicon Nitride, "
W, ASME Paper 79-HT-24, 1979.

o 22. Wilson, R. Gale, "Hemispherical Spectral Emittance of Ablation Chars,
o Carbon ond Zirconia (to 3788°'K)," NASA Sp-55, pp 259-275, 196S5.

v 23. Douglas, N. J., "Directional Solar Absoprtance Measurements,”
o NASA SP-55, pp 293-391, 1965.

3 24. Khrustalev, B. A. and Rakov, A. M., "Methods of Determining the Integral
and Spectral Radiative Properties of Materials at High Temperatures,"
Heot Tronsfer-Soviet Research, Vol. 1, No. &4, July 1969, pp 163-178.

48

B

|

4 D y v . iy
il R




25.

26.

27.

28.

29.

38.

3.

32.

33.

34.

35.

36.

Khrustalev, B. A. and Rakov, A. M., "Rodiative Properties of Taontalum,
Molybdenum, Nobium, Grophite and Nobium Carbide ot High Temperatures,”
Heot Tronsfer-Soviet Research, Vol. 1, No. &4, 1969, pp 187-206.

Makino, T., Kunitomo, T., Sakai, I. and Kinoshita, H., "Thermol
Radiotion Properties of Ceraomic Materials," Heat Transfer Jopanese.
Reearch, Vol. 13, No. 4, pp 33-50, October 1984.

Makino, T., Kinoshita, H., Kobayashi, Y. and Kunitomo, T., *"Thermol
Radiotion Properties of Refroctory Metals aond Electrically Conductive
Ceramics at High Temperatures,” Proceedings of the Internotional
Symposium on Heat Transfer, Beijing, Vol. 3, pp 116-123, October
1985.

Makino, T., "Thermal Radiation Properties of Metallis and Ceramic
Materials at High Temperatures,"” Ph.D. Thesis, Kyoto University,
September 1986.

Shafey, H. M. and Kunitomo, T., "Theoretical Study on Radiotive
Properties of an Optically Thick Pointed Layer Containing Spherical
Pigment," Bull. of JSME, Vol. 23, No. 182, pp 1366-1373,

August 1984.

Shafey, H. M. and Kunitomo, T., "Theoretical Study on Radiative
Properties of Doubly Painted Layer,"™ Bull. of JSME, Vol. 25,
No. 268, pp 213-216, February 1982,

Kunitomo, T. and Tsuboi, Y. and Shafey, H. M., "Dependent Scottering
and Dependent Absorption of Light in o fine Particle Dispersed
Medium," Bull. of JSME, Vol. 28, No. 239, pp 854-859, May 1985.

Johnson and Beer, J. M., "The Zone Method Anolysis of Radiont Heat
Tronsfer: A Model for Luminous Radiation," Journal of the
Institute of Fuel, September 1973, pp 361-309.

Markstein, G. H., "Radiative Properties of Plaostic Fires," Proceedings
of the 17th International Combustion Symposium, University of Leeds,
Englond, August 1978. Published by Combustion Institute, Pittsburg,
PA, 1979, pp 1053-1862.

Nagy, A. R. and Lenoir, J. M,, "Absorption ond Scattering of Thermal
Radiation by a Cloud of Smoll Particles,” AICh.E Journal, Vol. 18,
No. 1, pp 155-168, Janury 1972,

Sanders, C. F. and Lenoir, J. M., "Radiative Transfer Through a Cloud
of Absorbing-Scottering Particles,” AICh.E Journal, Vol. 18, No. 1,
pp 155-16@, January 1972.

Love, T. J. and Beottie, J. F., "Experimental Determination of Thermoal
Radiotion Scattering by Small Particles,” Report ARL 65-118, Office
of Aerospaoce Research, U. S. Air Force, June 1965.

49

< Gy « v MY \}.q_- L N :l".,; NV o

ot




- - -

- a

LIRS I

APPENDIX A

RADIATIVE PROPERTIES OF METALS, ALLOYS, CERAMICS, ABLATION CHARS,

SOOT CLOUDS AND PARTICLES, COMPILED FROM PUBLISHED LITERATURE

NOTE: Figure captions are taken from original papers. Reference
numbers and equation numbers in figures refer to those
in the original papers.
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SPECTRAL EMITTANCE OF STAINLESS STEEL, PLATINUM, INCONEL
(Data from Ref. 14)
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REFLECTANCE OF BERYLLIUM, STEEL, ALUMINUM AND PLATINUM
(Data from Ref. 15)
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Firoure 1.—Diffvee speciral reflectances (0.26 (o 2.1 u)

of machine-lapped end sandblasted samples of alu-

minum and of platinum. Each curve represents

determinations ot four orientations. There wae no
appreciable effect of erientation.
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Fioune 2.—Diffuse spectral refleclance (0.28 to 2.1 y)

of surface of beryllium sample 1, hand-lapped to about

4 microinches. The curie represenis delerminations at

eight orientations of the sample.
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Fioure S.—Diffuse speciral reflectances (0.26 lo 2.1 )
of steel gage blocks with commercial finishes. The
varialion . $n rcflectance s due to differences in the
steels wsed in (Ae manufacture of the blocks und to
oaide aurface flmas.
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SPECETRAL AND TOTAL EMISSIVITY OF NICKEL, COBALT, CHROMIUM
(Data from Ref. 19)
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Figure 1-8 Spectra of esissivities of nickel, Figure 1-9 Total esissivities of nickel, cobalt
cobalt and chromiva (Calc.) (57] and chromius (Calc.) [37]
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SPECTRAL EMISSIVITY OF SILICON CARBIDE AND SILICON NITRIDE
(Data from Ref. 20, 21)
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Fig. S Normal spectral emissivity of silicon
nitride at 1700K
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EMITTANCE OF OXIDIZED CARBON, GRAPHITE AND ZIRCONIA
(Data from Ref. 22)
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SPECTRAL AND TOTAL EMITTANCE OF PHENOLIC NYLON CHAR
(Data from Ref. 22)
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Fiouns 11.—Emittance ond refleciance of phenolic-

nylon char plotied against wavelength.
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SPECTRAL AND TOTAL EMISSIVITY OF MOLYBDENUM AND NOBIUM

(Data from Ref. 24)
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Fig. 1. The emissivities of molybdenum as

a function of temperature. a) Total hemi-

spherical emissivity; b) total normal emis-

sivity; c) spectral emissivity for A = 0.65u;

1) experiments {n vacuum; 2) experiments
in argon; 3) preheating.
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Fig. 2. The spectral emissivity of molybdenum as a func-
tion of the wavelength. 1) Measured by infrared spectrom-
cter at t = 1681°C; measured by infrared spectrometer at
t = 1825°C; 3) measured by the photographic method; 4)
mecasured by the optical pyrometer.

Fig. 3. Integral emissivity of a niobium
specimen (tubes with dout =6,29. dm =

5.29) for studies in vacuum and argon. 1)
Studies in vacuum; 2) studies in argon (with-
out correction for natural convection); 3)
studies in argon ‘(with correction for nstural
convection).
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& SPECTRAL AND TOTAL EMISSIVITY OF TANTALUM
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1 (Data from Ref. 21)
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,[.‘.'a Fig. 6 Spectral Emissivity of Tantalum compared to
\,','\ Literature Values (18).
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— Fig. 7. The emissivities of tantalum as a

G function of temperature. a) Total hemispher-
i fcal emissivity; b) total normal emissivity; c)
B spectral emissivity for A=0.65 ; 1) experi-

W ) ments under vacuum; 2) experiments in argon;
L) 3) initial heating.
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RADIATIVE PROPERTIES OF VARIOUS CERAMICS
(Data from Ref. 26, 27)

== Ref. (5),(6)
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Fiqure 2-9 Spectra of reflectances, transait- Fiqure 2-10 Total esittances of cerasic lavers:

i tances and an absorptance of alumina ceraeic a. Alumnua, b. Alusinus-Hastelloy 1. c. lirco-

lavers (Calc.) (201] niva, d. lirconiua-Hastelloy I, e. Silicon nit-
ride, f, Silicon carbade (Calc.) (92)
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v (Data from Ref. 27, 28)
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. K ABSORPTION COEFFICIENT AND EMISSIVITY OF SOOT CLOUD
(pata from Ref. 32) {

i 1 l
b1 |
gH—— —--
ll 1. EVALUATED FROM SQOT
' OPTICAL PROPERTIES OF !
8 | HOWARTH. |
! _ 2 MEASURED BY HAMMOND |
! . 8 -1-086
- 9 k, =056 A ]
E S A
~”
£ i 3 MEASURED BY HAMMOND
g ‘ : k,‘--OGS A-“M
X o
o]
- O
Z ©
§ w .
¢ o ‘
4 w |
s w
] g ,
: o I i
[
\ > 8 J
S <,
[
o a
t [+ 4
; 2
' 2]
¢ <
{
3 o § ;
, g w |
“t
“ S \
l‘ n. -
N b ‘\.\\.-\
‘;; . T
& o ! |
° 2 4 6 s 10
K WAVELENGTH A um
‘ FIG. 3 Speciral absorption coeflicient of a cloud of small soot
1 particles.
' d®
[ Aad I i R —
H |
| i z
i i 7] i
.; Zzah
‘ FIG. 4 (Right) Emissivity of a cloud ! L
of s00t particles. - fr — o —y ———— c 0 pRESENT STLOY.
OALZELL 8 SAROFIM SOOT OPTCAL PROPERTES
: o 1500 °K FROM MOWAR M
" ra - _4
. H ‘
W
! b 4
B [} .
08} - —— - /- .t
: 4 ] SR
*“E; ) A S s Sl M —
00002 S . -000! F ) ~Q0s 2
CONCENTRATON - PATH LENGTH ¢l (kg/m’)m
. 62

m ot a o . .
AN UL KLl N QLI

R



& ]
£
:'..;:" NORMAL TRANSMISSIVITY OF ALUMINUM OXIDE
1) PARTICLES SUSPENDED IN CLEAR SOLVENTS
i (Data from Ref. 34)
3N
..,r:?e 100 v— —r—r— ey
i % = o e
o e S P & ?‘\_ e s e e e i
T T e o s s s
Q A—n l 5 N N —_—
e L NN . G OO T T
e a X <z T S N S
e Zz ~ ' Q R ; ;
oty O A \L__ ;) <) i l
t % 10 % = R e =
.. b % DIFFUSEZ™ S 10 ey .
S i B et
e 2 X . g — .
i?ﬁ Y Z g ‘ ' ] I '
i,',:': < .‘E R A - T :
B 4 | ‘ ' b
s = - o |« CCl, COLLIMATED_|
" [a) w |
w \COLLIMATED N ° CClq DIFFUSE |
g N, :. ——— 31 ° CS, COLLIMATED _]
e < — \ ) - TT——A="— ¢ CS, DIFFUSE ———]
o g -— - 2 \\ T 2‘ T M
= - e
— ' ‘ R R
0 A U . 5 VU -t 410 A de 15 O ’ 2 3 4 5
W NUMBER OF PART
, NUMBER OF PARTICLES , .6 M CLES x105
e ' Tigaumasrnty of clomenum onede povtcion, ¢ = 122,
:’r: Fis. ). Vooammicsivity of clumiaum onide porticios i eodbes ¥~ e = 45 2
"l chisride, § = 62, ke = 430
: I
S
+ M
o
+




ABSORPTION AND SCATTERING PROPERTIES OF
ALUMINUM OXIDE PARTICLES
(Data from Ref. 34)
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oy APPENDIX B

RN COMPUTER PROGRAM LISTING
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|
’E‘!’. |
!p“' "E’
168, » I'A
. E+KRADYFEDs AM
. KAS ! 10), c
ty ‘AM F'H’KEX,'\éT;O)'F'RE:-(;SO)'Y(OJO),
h;:":z OF THE F.SEEF:NF3'giﬁ;:'HGs;Cézo(Of;o)’OH GrERETAYTAUI
‘uif . 3 . - > , S0) . MGy
::.;:- it
> C COMM Ity XF s S0 ) ¢ F ( DE(1 o YIF, 50),
. 3 XU» X uUoso 0)rIN INFR BU(O0S 50)
DFDX, (10 » DIy X» UM 050) » '0(05
. 2 PR(1 0) s ANU (05 R Iyt EARSEASPIAA S04 T
R 2 50) ¢ A (RFy INF 0)+5S S0)sTE (S+RT+F
s DENCOS LK3I/KR TW,T JEC1 “E(0S AKSy
Mty 3 MMON/E DELTA, (10)rsA 50)» TEMFE 0),STOr
B co VINF, YrAJI 0,050 INDC1
Sy TAUE, A(10 YeC(1 2yNE?»
¢y ¢ 1 4 GAM 050 2,NN2y
R ~ (10), (10 NO2,
e 2 Hrlo,oso)'scp(05°) NP'NO’NNLGD KAT
3 A;ACH<°5°);/NH'NN°}z,QU'UGUé),NoPT'NS
A LK AU (S
X 4 MON/E NO»T DIFF
h coM ‘AGC+ST FINF, (050)
e T+ ORA /KRy AMOL. LE’
) AM LLKS £0)y \ FlI
é; 1 coﬂ"g:§gc/GC°N;gE F THE OUTFUT
fv.::: CS::ACTER*ééT:E NAME O
) C ITYF‘ ‘)
g TYPE*”,olyNAMF TATUS=’NEW
s pLCERT2ol =NAME S
nhy ‘MAT (AL ILE=
iy FORM IT=1,F
B 200 OPEN (UN
e N = 30 o
B T =
NO:TINUE
co
e s °:%
Bt TG =
B INLL CONST
'Q._.n‘. CA 20
0:':'! G0 TO
A N = N+10
@‘,{A, XU =
:'::’ KRI
:": CALL E TRA
o AHI=0.
e nME: ]
o 6o T0 30
:’:{a cALL RUE
* IN N T,
Ir(INT°°GT
ey CALL LENgN F
R0 CALL ENT EF
R OICE OF FO XAMI-R( Y (NF3) C
il LCH FRA=°‘°;EI/‘R(1;3))DX=-‘* + OEXX 4
RN, =FRAXF Y(N = AX ITYy
nx=f Te e 5% ITY = VEL.OC
‘v"_' IF(['X.G . AH UELOC STREAH
X RE FE
. =xXU+ ST FR
N XD= : FREE GE IN
O SSUMES CHAN
.‘7‘ B CU‘-
) e CAaL 0
X C Al= 0.
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k1= 0.0
Cl= VINF
UGy = uUGn

UGDh = A1 x XI' + E1¥XD x XD + C1
DFDX={UGH+UGD) X (UGU- UGD\t.J*RHO(NFB)/(XD XU)
IF(KASE.EQ.2) GO TO 35
IF(KINL.EQ,1)CALL MASS(XU,XDrAMI)
IF(KEX.EQ.1)CALL MASS (XU, XDy AME)
CALL WALL
N 15 CaLL COEFF
e CALL OUTFUT
R ¢ SETTING UF VELOCITIES AT A FREE ROUNDARY
Co- IF(KEX.EQ.2) U(NF3)=UGD
IF(KINJ.EQ.2) U(1)=SARTCU(L1)-2.X(XD-XU)XDFOX/RHO(1))
CALL SOLVEC(AUsRUsCUsUsNF3)
SETTING UF VELOCITIES AT A SYMMETRY LINE
?ﬁ IF(KIN.NE.3) GO TO 40
Ty ve1)=ud(2»
g IF(KRAD.EQ.O0) UC1)=,7S%XU(2)+.,25%U(3)
40 IF(KEX.EQ.3) U(NPI)I=.7SKU(NF2)+.25%U(NF1)
45 CONTINUE
o IF(NEQ.EQ.1) GO TO 90
' 00 75 J=1.NPH
o 00 S0 I=2,NF2
oy AUCI)=A(JrI)
RUCI)=E(Js 1)
50 CUCII=C(Js 1)
00 S5 I=1,NF3
) 5 SC(IV=F(J,1)
e CALL SOLVE(AUyKU,CUs»SC/NP3)
" DO 60 I=1,NP3
40 F(JryI)=SC(I)
_ IF(KASE.EQ.2) GO YO 45
o C SETTING UP WALL VALUES OF F
v IF(KIN.EQ.1.AND.INDI(J) .EQ.2)F(JsI)=( (1. +BETA4GAMA(I))IXF(J,2)~
. 1 (1.4BETA-GAMA(J))IRF(Js3))X.5/6AMA(Y)
' IF(KEX.EQ.1 . AND.INDE(J) .EQ.2)F(JsNP3)=((1.4BETA+GAMA(J)) X
1 F(JINP2)-(1.+BETA-GAMA(JI))EF(J/NP1))X,.5/GANA(Y)
c SETTING UP SYMMETRY-LINE VALUES OF F

.
-
b}

. 6% IF(KIN.NE.3) GO TO 70
wr IF (KRAD.EQ.O)F(Jr1) =, 7SRF(Jr2)4,.258F(Js3)
! 70 IF(KEX . EQ.3)F (JoNP3) =, 7SKF (JsNP2) 4 . 25KF ( JyNF1)
S 75 CONTINUE
- c CALCULATION OF AUXILIARY PARAMETERS

no 80 I=2,NP2
g TEMP(ID=(F(NH,1)-U(I)RUCI)/2.0)/CF(I)
e IFCTEMP(I).LE.O0.O0) TEMF(I)=TINF
i TEMPECI) = TEMP(I)
E RO  CONTINUE
CALL DENSTY
PO B85 1 = 2,NF2
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FOCI ' =RHOC(T % (S3 . IXTEMF(IN40.5%UCIIXUCI)/32.2)/144,
3% AMACHC(I)=UCT)/SART(1.4%53.3%32, 2%kARS(TEMF(I)))
90 XP=XUl
Xiy=xn
» FET=FEI+DXX(R(1)XAMI-R(NF3) XAME)
°t IFCINTG.GT, SO .AND, NOFT .EQ. 1) GO TO 95
G0 TO 105
v 00 100 I =3,NF1
. IF (ABRS(DIFF(I)) .GT. 1.5) GO Y0 15
K 100 CONTINUE
' ° THE TERMINATION CONDITION
10% IF(XU.LT.XL) GO TO 25
GO TO 10
110 STOF
END

g SURROUTINE CONST
o REAL MACH
) COMMON/RBLK2/NINFLyNF2INFI/NEQINFHIKEX»KIN»KASE'KRAUFET»AMI s AME
BFDX e XUs XD e XPo XL o IX» INTG»CSALFA/HGSCINF(10)PREF(10),
FR(10YyP(10)9»UCOS0)»F(10+50)»R(0S0)»RHO(OS0) »OM(050),Y(050),
NENCOSO) »yAMU(0%50)
oy COMMON/ELK3I/KRPyMACH+KR» INDIC10)+»INRE(10)»SUMR,)AKALMGBETA, TAUI
*TAUE+VINFyDELTA+THsTINF QS o YL UMAX UMINIFReYIP: YEMs TR HU
HF (10)»GAMA(10)+AJTI(10)+AJE(L10)+SC(O0S0),AU(OS0)BU(OS0)CUCOS0),
AC10+050)sR(10+050)9CC(10+,050)»TEMPEC(OS0)»TENP(050)PO(0S50)
AMACH(050),CF(050)
COMMON/BLKA/NHyNNO+NNF s NOsNNsNO2 s NN2yNEVIND(10)+STOVAKSsRT+F T,
1 AMT DRAGC+STNO»TAUIW,QWUGU»UGD
COMMON/BLKS/KRI+PINF DIFF(S0)+NOFT,NSKAT
COMMON/CUWALL/CHW
COMMON/SANJ/SIGMEX +SIGHMAKFDEN,SIZE
UNITS %2808 TEMF(K) 588 FINF(LRBRF/IND) S8s8gstnssntse
UNITS 2osss DEN(LEM/FTI) o8 AMUCLEM/FT-SECO 88 CP(FY2/SEC2-R)
IF KK=1 INVFGKAL RADNIATION ANALYSIS IS USED
If KF=2 RADIATION EFFECTS ARE NEGLECTFD
If KF=3 OFTICALLY THIN ANALYSIS IS USELD
WRITECAs®) "INFUT THE VALUE TINF . TU.FINF . MACHI XL+ KRI,NSKAT,
1 CWiOS KEFY,SIGMEX,SIGMAR,SIZEPDEN"
WRKITE (1 +8) INFUT THE VALUE TINF . TW FINF cMACH . XL KFT1,NSAAT,
1 CW QS REFT,SIGMEX,SIGMARSIZFEFDEN"

Ll 1D e

'z
S N =

[ Bm Maediie I o4

6B




READ(S»X)TINF s TWIFINFoyMACHs XL+ KRT+sNSKAT»CW+ QS REFT»SIGMEX
1 SIGMAESSIZEFDEN

URITECLsX)TINFoTWrPINFeMACHI XLIKRI+NSKATyCWs QS+ REFT,SIGMEX s
e 1 SIGMAR,SIZE,FPLDEN

]
¥ KR = KRI
R TR=537.0
: XU= 0.03

DINF=FINFX144./((S3.3)XTINF)
VISC=(1.2267E-05)X(TINF/TR) XX .76
VINF = MACHXSQRT(1.4%53,3%32,2%TINF)
UGD = VINF
NELTA=0.37%XU/((VINFXDINFXXU/VISC)%XX,2)
INDC1)= 1
NH=1
AN=, 435
ALMG=.,09
FR=.01
FREF(1)=0.9
: FREF(2)=0.9
FREF(3)=0.9
FR(1)=0.7
‘ PR(2)20.7
o FR(3)=0.7
! F(1)= 3.68%(FR(1)/PREF(1)-1.0)X((FR(1)/FREF(1))X%K(-,25))
F(2)=5,.08(PR(2)/PREF(2)-1.0)X((FR(2)/FPREF(2))%%(-0.25))
F(3)=5.0%(FR(3)/PREF(3)~-1,0)%((PR(3)/PREF(3))%%(-0.25))

5 RETURN
2 END
-

. SUKROUTINE BREGIN

t (

1

COMMON/RUK2/NyNF1sNP2sNF3 s NEQsNFHIKEX o KIN/RASE 1 KKAT s FET y AMI » AME o

1 DPDOXeXUoXDoXF o XL o DXs INTGsCSALFA/HGS »CINF(10)FPREFC(L10)
2 FR(10)+F(10),U(0%0)+F(10,050) R(050) +RHO(O050) »DM(0S0)+Y(050) s

¢ 3 DENC(OSO) »ARU(0%0)

LOMMON/PLKI/KKF yMACH KR, INDICL10) s INDEC10) »SUMR»AKIALMG RETA,
TAUT » TAUE s VINF o DELTAsTW TINF QS YL o UMAX UMINGFRoYIFSYEM, TR HW,
HF (10)GANACI10)+AJICI0),AJECL10),SC(O%0),AL(0%50)RL(050),
CUCOS0)1¢eAC10:0%50)sR(10:+0%0)+C(10+0%50)TEMFE(O%S0)+TEMF(O50)

‘d *) -




- a sy

C

c

4 FO(0S0)»AMACH(0S0)CF(050)
COHNON/FLK4/NH!NNOvNNFrNOvNN!N02vNNZvNEyINﬂ(10)vSTOvAKS'RTvFTr
1 AMT»DLRAGCH»STNO»TAUIW,QW,UGU»UGL
COMMON/RLAS/KRIZFINF,DIIFF(S0)»NOFT»NSKAT
COMMON/CWALL/CUW
DIMENSION CINW(10)
FRORLEM SFECIFICATION
KRAD = O
KIN = 1
NEQ=4
KEX = 2
NASE=2
IF(KIN.EQ.1 .OR.KEX.EQ.1) KASE=1
NFH=NEQ-1
NF1=N+1
NF2=N+2
NF3=N+3
INITIAL VELOCITY PROFILE
U(1)=0.0
U(2)=0.0
DO 10 I =3,NF1
Y(I)=DELTAX((FLOAT(I-2))/FLOAT(N))
10 UCI)=VINFX(Y(I)/DELTA)X%.143
Y(NF3) = DELTA
U(NP3I)=VINF
CALCULATION OF SLIPF VELOCITIES AND DISTANCES
RETA=.143
GO TO (15+20+25) »KIN
15 U(2)=U(3)/(1.42.%XKETA)
Y(2)=Y(3)XRETA/(2.+RETA)
GO Y0 35
20 Ulti=U(1)xu(t)
U13=UC1)xU(3)
U33=u(3)xUu(3)
SQ=84.%0U11-12,%U134+9.%U33 :
UC2)=(16.%U11-4,.%U134U33)/(2.%(UC1IX4UCT))+SART(SQ))
Y(2)=Y(I)R(U(DI4UCT) =2, xUCI N ¥,. S/U(2)4+U(II+UC(CL))
GO 70 35
25 IF(KRAD.NE.O) GO TO 30
UC2)=(4,%U(1)-UCI))/3,
Y(2)=0,
0 TO0 35
10 Uue2)X=u1)
Y{2)=Y(3)/3,
Lo GO T0O (40,45,50) +KEX
40 HINF2)=U(NF1)/(1,.42.%RETA)
Y(NF2)=Y(NPI)-(Y(NFI)-Y(NF1))XRETA/(2.4RETA)
GO 70 5%
a5 Ul1=U(NFPI1)IRU(NPL)
UI13=UCNF1)SU(NFY)
U33=U(NF3I)IBU(NFZ)

70




B
.

50

55

SQ=84.%U33-12.%U13+9.%U11
UINF2)=(16.%XU33--4,%¥U134U11) /(2. x(UCNF1)+U(NFI))+SART(SA))
Y(NF2)=Y(NF3)-(Y(NFI)-Y(NF1))IX(UCNF2)I4+U(NF1) -2, XKU(NFI))%x,5/
(UCNF224U(NF1) +U(NF3))

GO T0 595

UINF2)=(4,xU(NF3)-U(NF1))/3

Y(NF2)=Y(NR3)

CONTINUE

€ INITIAL PROFILES 0OF OTHER DEFENDENT VARIAELES

60

7S

80

85

90

b4+
100

CFr1=5990.0

CFr2=5990.0

F(2v1)=1.0-CW

F(3,1)=CW

F(2sNFI)=1.,0

F(3+NF3)=0,0

TEMP(NP3)= TINF

HCW = 0.0

HCG = 0.0

HGS=CF1XTINF

HW= (CP1XF(2,1)4CF2%F(3,1))%TW
HG=HGS+0.SXVINFXVINF
F(NHy1)=HUW

F(NH/NP3) = HG

Do 60 I=3,NF1

FI(NHyI)= HUW+(HG-HW)IX(Y(I)/DELTA)X%,143
F(3sI)=CWX(1.0-U(I)/VINF)
F(29y1)=1.0-F(3,1I)

CONTINUE

CALCULATION OF CORRESFONDIING SLIF VALUES

10 100 J=1,NFH

GAMA(1)=,143

60 TO (65+70+¢75) ¢KIN
FOIe2)=F(Uds1)4(F(Jy3)-F(Jr»1))X(1.4BETA-GAMA(J)) /(1 . +ERETA+
GAMA(J))

50 10 80

G=(U(2)4U(3)-8.¥U(1))/7(S. x(U(2)+U(3)r+8.%xU(1))
GF=(1.-PREF(J))/(1.4FPREF(J))

GF=(G+GF)>/(1.4G%GF)

F(Ir2)=F(JeI3)RGF+(1.-GFI)XF(J»1)

GO 70 80

F(Iv2)=F(Jr 1)

IF(KRAL.EQ.O)F(Jr2)=(4.XF(Js1)-F(Jsy3)) /3,

GO 70 (B85,90+,95) +KEX

FCIrNF2I=F (JoNFII+(F(JINFL1)-F(JyNFI))IX(1 . +RETA-GANA( L)) /(1. ¢
RETA-GAMACY))

GO TO 100
G=C(U(NP2)+U(NF1)-B.XU(NF3))/(S. X (U(NF2)+U(NF1))48.%U(NF3))
GF=(1.-FREF(J))/(1.4PREF(J))

GF=(G+GF)/(1.4+G%GF)

FOJsNFP2)=F(JINF1IXGF+(1.-GF)IXF(JyNFI)

60 T0 100

FCIrNED2I=(A XF(JINFII-F(JIINF1))/3,

CONTINUE

RETURN

END
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SURRQUTINE READY
COMMON/BLK2/NoNFL1sNF2,NF3SyNEQsNFHIKEXsKIN)»KASEyKRADYFEI»AMI » AME,
ODPDOX s XU XDy XFo Xi. v DXy INTGsCSALFAYHGS»CINF(10),FREF(10),
FRO10YsF(10),U(DS0)+F(10+050)yR(OTOY»RHD(O0S0)yOM(0S0)yY(0S0)
DENCOSO0),AMU(CO0S0)
COMMON/RLKI/KRF+MACHY KRy INDIC10) s INDEC10) s SUMR»AK+ALMGYEETAYyTAUI
sTAUE»VINFyDELTA» TWs TINFsQSyYLYUMAX'UMINSYFRyYIFP»YEMyYy TRrHW»
HF(10)yGAMAC(10)»AJI(10)+rAJE(10)+SCC(OSO0)»AU(COSO) yBUCO0S0)yCU(OS0)
A(10,050)+B(10+050),C(10+050), TEMFE(OSO) »TEMF(0S0)yFO(0S0),
AMACH(0S0) yCF(050)
COMMON/EBLKA/NHyNNCO s NNFsNOs NNy NO2yNN2INE»INDC10)»STOSsAKSIRTHF Ty
AMT s DRAGCYSTNOy TAUT W QW UGUSUGD

CALL RAD(XUyR(1)syCSALFA)
NEAR THE I ROUNDARY

G0 TO (10+15:20) +KIN

Y(2)=(1 ., +BRETA)XOM(3) ¥4,/ ( (I . XRHO(2)4+RHO(I)IX(UC2)Y4U(3)))

GO 70 2%

Y(2)=12,%0M(3)/ ( (I XRHO(2)Y4+RHO(I))) (U2 +U(3)+4.%U(1)))

0 10 25

Y(2)=.9%0M(3)/ (RHO(1)xU(1))
Y(I)=Y(2)4¢,.29%0M (3% (1./(RHO(IYXU(3))+2. /(RHO(3)XU(J)+RHO(2)x
ue2y))

S FOR INTERMEDIATE GRIDL FOINTS

ng 30 I=4,NF1
Y(I)=Y(I-1)4.9%(OM(I)-0OM(I-1))%(1./CRHOCI)D)XUC(CI))Y+1./(RHOCI-1)%x

ucr-1y)»

Y NEAR THE E HOUNDIARY

1

40

(€. 3
o 1

w
[&,]

60

70

7%

Y(NF2)=SY(NF1)4.25%COM(NF2)-0M(NF1))%(1,/(RHO(NP1)XU(NF1))42./
(RHO(NP 1) XU CNF1)Y HRHO(NF2)IYRKUCNF2)Y))

GO Y0 (35+40,45)yKEX

Y(NFI)=Y(NF2)4 (1 ., +RETA)X(OM(NF2)-0OM(NP1)) %4,/ ((RHO(NF1)43.x
RHOCNF2) )X (U(NF1)4U(NF2)))

GO TO S0
YONFI)=Y(NF2I412 .k (OM(NF2)-OM(NF1))/((RHO(NF1)I4+3 . XxRHO(NF2) ) x(
UCNP2)4+UCNF1)44.XU(NF3)))

GO T0 SO
Y(NF3)=Y(NF2)+ .Sk (OM(NF2)-0OM(NF1))/(RHO(NF3)XU(NF3))
IF(CSALFA.EQ.0. .OR.KRAD.EQ.0) GO TO 60

0 S5 1=2,NP3

Y(1)=2 ., XY (I)KFEI/(R(1)+SART(R(1)IXR(1) 42 . xY(I)XFEIXCSALFA))
GO 10 70

DO 65 TI=2yNF3

Y(T)=FEI¥Y(1)/R(1)

Y(2)=2,%Y(2)-Y(3)

Y(NFI)=2 , 0Y(NFD2)-Y(NF1)
CALCULATION OF THE RADII

no 75 I=24NF3

IF(NRAD.EQ.0) RCID=RC(1)

JF(KRAT.NE.O) R(I)=R(1)4Y(I)XCSALFA

CONTINUE

REFTURN

END

72
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SURROUTINE DENSTY
COMMON/RLK2/NyNF1yNFP2yNFIyNEQsNFH)KEX'KINYKASEsKRATLYFEI vAMI v AME,
DFDX sy XUy XD s XP o XL o DXy INTGrCSALFAYHGSsCINF(10)yFPREF(10)
FRC10)+F(10)»UC0S0)yF(109050)yR(0S0)»RHO(OS0) »OM(0S0)+Y(O050)
DENCOSO)Y»AMU(0S0)
COMMON/ELK3I/KRFyMACHY KRy INDIC10)»INDEC10) ySUMRYyAK»ALMGYRETAsTAUI
r TAUE VINFsDELTAy TUWy TINFyQSrYLIUMAXsUMIN'FRyYIFsYEMy TRyHUW,
HF(10)»GAMA(10)sAJI(10)yAJE(10)+SC(0S50)yAU(OSO) +KU(O0S0),CU(CO0S0),
AC10,050)sB(10+050)+C(10,050)y TEMFE(OSO)»TEMF(050),FO(0S0) .
AMACH(0S0)+yCF(050)
COMMON/BLKA/NHyNNOsNNPyNOyNNsNO2sNN2yNEYINDC10)»STOrAKSIRT+F T,
AMTyDRAGC»STNO TAUIW»QW,UGU,» UG

N0 115 I=14NFZ

RHOC(I) = DENCIDX(TR/TEMF(I))

CONTINUE

RETURN

END

SUKROUTINE RAD(X»R1s,CSALFA)
AFFLICARLE TO PLANE FLOUWS
CSALFA = 1.0

R1 = 1.0
RETURN
END

FUNCTION VISCO(I)
COMMON/ELK2/NsNF1syNF2yNFIsNEQRINFH/KEX+KIN'KASEsKRAIYFEI yAMI s AME
OFDX s XU XDe XF s XL o I'Xs INTGsCSALFAIHGS CINF(10)yFREF(10),
FRC1O)YsF(10)»U(050)+F(10+050)9yR(0S0)»RHOCO0S0)»0M(050),Y(0S0)
DENCOSO0) »yAMU(0S0)
COMMON/BLK3I/KRF»MACH KRy INDIC(10)INDE(10)»SUMRYAKyALMGYEKETA,TAUI
rTAUE:VINFI)DELTArTWsTINFsQS YL UMAX UMINSFRyYIFyYEMs» TRoHUW,

HF (10)yGAMA(10)yAJI(10)yAJE(10)+SC(0S0)»AUC0S50)sKUCOS0)»CUCOS0)
A(10,050)sE(10,050)9C(10,050)yTEMFE(OS0) +TEMF(050)F0O(0S0)
AMACH(050)+CF(050)

COMMON/BLKA/NHy NNO»NNF»NOyNNoNO2yNN2sNEs INDI(10) 9STOrAKSsRTF T
AMT s IRAGC»STNO,» TAUIW,QW,UGUsUGD

VISCO=AMUC(I)R(TEMF(I)/TR) XX, 76

RETURN

END

.
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SURROUTINE ILENGT

COMMON/KLKZ?/NoNF 1y NF2yNFIIyNEQINFHIKEX'KIN'KASE+KRADFET vAMI, AME »
DFNX s X1 Xy XT e XL o X s INTG+CSALFAYHGSyCINF (10) FREF(10) .

FROI1OY s 710)sUCOSOY+F(10+N50) yR(O0S50YRHO(OS0)yOM(O0S0)H»Y(0OS0),
DENCOSO) r AMU(0SO0)

COMMON/RBI K 3/RRE+MACHI ARy INDTC(IO0) 2w INDECIO) »SUMR AN AL MG yEETA.TAD!
s TAUE v VINF s HEL TATUW s TINF cOSe YL UMAXyURINISFRyYIFIYEMs TRoHW .
HIE(10Y,GAMACIOYyAJT(10)AJF(10)«SC(O0S0)yAUCQCS0)yBU(OSO)»CUCOS0)
A(109050) s K(10+0S0)9CC10+0S0)»TEMFE(OSO)+yTEMF(OS0)Y+FO(OS0)
AMACH(O0S0) +CF(O0S50)

COMMON/HKLAA/NHe NNOYNNF o NO«NNsNO2oNN2sNES INDCIO0) +STOvARNSRT.FT,
AMT » IRAGCySTNO»TAUIW, QW UGU UGD

SEARCH FNK MAXTMUM AND MINIMUM VELOCITITES

10

20

o X -4
P~

30

135

uMax=uc1)
UMIN=UC])
00 15 J=3,NF3
JIF(J.EQ.NFD2Y GD TO 15
JFCUCY) .GT.UMAX) UMAX=U(])
IFCUC)) LT .UMIN) UMIN=UCD?
CONTINUE
NIF=ARS (UMAX-UMIN)SFR

SEARCH FOR THE I FOUNDARY
IF(KIN.NE.2) GO TO 35
U21=ARSC. S (U(DY4U(T))-UC1 )
IFCU21.LT.DIF) GO TO 20
YIF=SORT(DOIF/U21)R(Y(2)4Y(3))%.,5

GO 70O 40
g2
J=41

vtit=ue ))-uct)

IF(ARS(UI1).GE.DIF)Y GO TO 20

GO Y0 2%

Al=1.

IF(UJL.LT.0.) Al=-1,

YIF=Y(J=-1)4(Y () =-Y(J=-1 MU +AL1DIF-UCJ-11Y 7 -yaed-10
GO TO 40

YIF=0.

SEARCH NEAR THE E KOUNDARY

40

4%
59

&0
'S8

IF(REX.NE.2) GO YO 60

U21=ARS (. SRIUINPLI)IHUINFDII)Y -UINFI )

TFCU21.LT.DIF)Y GO YO &%
YEM=SORT(DIF/U21)BC.SEBIY(NFLIIHY(NFDI-YI(NFIII4Y(NFTI)
GO TN A%

J=NFD

J= -1

AL =UC Jr-UDINF)

IFcAakS(U 1), GE.DIFY GO TO ST

GO 10 %0

Al=t.

IFtutL. L T.0.0A1--1,

YEM: YOIV 0Y O V- Y ()1 QIUNFTIYRATLENTIF it e vy e oy D ey
GO TD &9

YEM-Y(NF T
YL=YEM-YIF
KETURN

END

e W NG R W W N TR e T T R T e TR T e R
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SURRQUTINE MASS(XUsXD+AM)

. r AFFLTCARLE TO FOROUS WALL

E':. A = 0.0

0 RETURN

e END

W

.';‘

v

e SUEROUTINE ENTRN

COMMON/BLI2/NsNF1sNF2 s NFI,NEQsNFHYKEXyKINsKASE KRADsFEIyAMI y AME »
1 DFDXsXUe XDy XFr XL eIIXy INTG+CSALFAYHGSsCINF(10) +FREF(10),

" 2 FR(10)+F(10)+sUC050),F(10+050)+sK(050)yRHO(C0S0)y0M(050)sY(050),
W 3 DEN(OS0)rAMUCOSO)

B COMMON/BLK3I/KRFsMACH KR INDIC10)»INDE(10)ySUMRY»AKyALMGyEETA» TAUI
s TAUESVINF L ELTA» TU s TINFyQSy YL UMAX»UMIN'FRyYIF»YEMy TRyHUW,
HF (10)+GAMA(10),AJI(10),AJECL10)+SC(O0S0)»AUCOS0)»RUCOS0)CUCOS0)
A’ 10+,0S0)+K(10+050)+C(10,050) TEMFPE(OQOSO) TEMF(0350),F0O(050)
AMACH(0S0)sCF(0S0)
¥, COMMON/ELNA/NHyNNOYNNF sy NOyNNyNOZ2yNN2sNE» IND(10)sSTO»AKS+RT+F Ty
AMT y DRAGCYSTNOTAUIW,QW»UGU» UG
B C TH.S SUBRROUTINE USES THE MIXING-LENGT HYFOTHESIS.

GO TO (70¢75+80)sKIN
70 GD Y0 8S

P RS

%
[

R S AMI=8.8RHO (1) X ((ALMGRYL) Z(Y(2)4Y(3))IRR2KARS(UC2)4+U(3)-2.,%U(1))
h\ GO TD 8%
it 80 AHI=0-

e ) GO TO (90+,95+100)KEX
90 RETURN
S AME=-8.8RHO(NF3)X((ALMGRYL)/(Y(NPL)+Y(NF2)-2.kY(NFJ)))XK2XAERS(
. 1 UCNF1)4UINF2)-2.8U(NF3))
" RETURN

"\
A 100 AME=0.
' RETURN
END
ﬁ‘
. '
M
.
.8 (

SUKFDUTINE WAL L
COMMON/RLKD/NINFTINF2sNFI I NEQsNFHIKEXyNIN'KASEYKRADYFETI »AMI»AME .
_ 1 DFDX e XU s Xe XFeXL s DXy INTGyCSALFAYHGSCINF(10)+FREF(10)>
N POFROIOVIF(10)2U(OS0)sF(10+,050)¢R(0S0) »RHO(OS0)»OM(050) Y (050)
e 3 DENCOS0),AMU(O0SO0)

75

n

DA IO, ) W AN AN AN DU OO AL
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COMMON/ELNI/KRFyMACHs KRy INDTI(10) 2 INDEC10)»SUMRyAR+ALMG+KETALTAU]
rTAUE yVINF o DELTAs TWs TINF2QSr YL rUMAX s UMINSFRyYIFP,REM, TRy HUW.
HFE(10):GAHA(10)yAJT(10)Y,AJE(10)+»SC(O0T50)+AUCOSO) yRU(OS0),CUCOS0) .
AC10+y050)+E(10+050)sC(10+050)y TEMFE(OSO) » TEMF(O0S0) +FO(050),
AMACH(050) ,CF C05Q)

COMMON/RLKA/NHy NNOsNNF sy NOy NNy NO2+NN2»NE+» INDC10)sSTOVARKS RT.FT,
AHT « IRAGC+STNO TAUIW,QW,UGU»UGD

T CALCULATION OF BETA FOR THE 1 BOUNDARY

IF(REX.NE.1) GO TO 25
YI=Y(NF3)-.Sk(Y(NF1)+Y(NF2))
UI=, 9% (U(NF2)4+U(NF1))
RH=,25% (3, XRHO(NF2)+RHO(NF1))
RE=RHXUIXYI/VISCQ(NF3)
FR=DFOXXYI/(RH¥UIXUI)
AM=AME/ (RHXUTI)

CALL WFL(RE»FF,AM»S)
RETA=SART(ARS(S+FF+AM) ) /AK
TAUE=SXRHXUTXUI

IF(NEQ.EQ.1) GO TO 20

CALCULATION OF GAMA S FOR THE E BROUNDARY

N0 1S J=1,NFH

CALL WF2(REsFFyAMsPR(JI»FREF(J)sF(J)sSF)
GAMA(J)=(SF+AM) XFREF (J)/ (AKXAKXERETA)

IFCINDECY) JEQ.1)AJE(J)=SFXRHRUIX(F(JsNF2I4F(JsyNF1)-2.XF (JsNF3I) )X
.

CONTINUE

IF(KIN.NE.1)RETURN

CALCULATION OF EETA FOR THE I EOUNDARY

YI=.S¥(Y(2)4Y(3))
UI=.5%(U(2)4+U(3))
RH=,25% (3. xRHO(2)+RHO(3))
RE=RHXUIXYI/VISCO(1)
FE=DFDX%YI/(RHXUIXUI)
AM=AMI/ (RHXUT)

CALL WF1(RE+sFPsyAM+S)
BETA=SART(AES(S+FF+AM) ) /AK
TAUT=SXRHXUIXUI

TAUIW = TAUI/32,2

IRAGC (TAUI/ (RHO(NPI)XU(NFI)XU(NFI)))IX2,
IF(NEQ.EQ.1) RETURN

CALCULATION OF GAMA S FOR THE 1 BROUNDARY

3o

N0 35S J=1,NPH

CALL WF2(REsFFrAMsFR(J)SFREF(J)1F(J)+SF)

HI= ,S¢(F(NHy2)4F(NH»3))}

FHI = (UIRXUI/Z (2,008 (HI-F(NH¢2))))X((1,0-FPREF (NH))XSFXFREF (NH)/
(ANSANSEETA) -2, OXRETAX (1, 0-PREF (NH)))

1F(J.EQ.1) STNO=SFX(RHXUI/(RHO(NFI)IXU(NFI)))

GAMA( ) =(SF+AM)XFPREF (J)/ (AKXAKXERETA)-FHI

IFCINDICY) CEQ.1D)AJIC))=SFXRHRUIX(2 ., XF(Js1)=-F(Jdr»2)-F(Jry3))%.5
TONTINUE

T™WQ = 0.01%

Te = TROS(O.SH(TEMF(3)4TW)/TR)XX0,76

W = TRB(TENMF/I)-TW)I/(Y(I)X34600.)

RFTIRN

f Nl
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CORMRODIITINGE Wt k.6 ,am,C
COMMON B * 3R Aok, ITNDT 1O I8 1 sGItmE L Ar AL AL Rt T, Tl
1 e TANE o QINE D TR T T It ,0C v ;umAaY ., iRIN k7] ,YEm. "L, My,
N HE (1O o GAMA T 1O e AT 10 v AE T TO o - O 0 L8NSO R 0%O 1t 1
L ACIN 650 g 10,7 S0 L 01 0% Y mbd " Yt st f ey
! A ARAT KO Lo
[FOMPM /R 0B/ NI NN o NNE N s NN N oMW o NE s N o Y A an T L,
M ANY R AGE W STNG . TANNT Wi 111 G
19 ARE -AR S /ir
RY=-KEANT
- S3T=21 . /RT-, 15610780 A% ¢ Q87 tpk'00: _1:9o HY/1%8r'80" 14
- sT0=¢"7
' IF(F.ER.D.) GO 10O 19
‘ FT=F/ars
FM-1.,-4.90FT8RT 585 ,+khTee] 5188, 4
A IF(FM, 1L T.0.)FM-0.
N ST=STsFMes) .
b GO 10 20
k) 15 IFcaM.FQ.0." GO TO 20
! AMT=zam/ANS
AMM-1.,-ART /(7. 748RTS8(-1.17)4.9%68KT88¢ .05
» ST=STxAMMER4
y 20 S=STXAKS
b RETURN
ﬂ END
R
i."
o
é
]
[N
")
) SUBROUTINE WF2(RsFoAMs FRsFRTF,S)
o COMMON/EBLK3I/KRFsMACH KRy INDI(10)+ INDEC10) s SUMR/AK »ALMG/HETATAUI
iy 1 » TAUE, VINF yIELTA, TW o TINF 1 @S YL UMAX s UMIN FRoYIF o YER, TRoHW,
QP 2 HF(IO)'GAHA(IO)vAJI(10)-AJE(10)-SC(050).AU(OSO)-BU(OSO):CU(OJO).
35 3 A(109050)+B(10+050)+C(10+050)yTEMFE(OSO)»TEMF(050),P0O(050),
4 AMACH(0S0),CF(050)
! COMMON/BLKA/NHyNNONNF s NOsNNsNO2syND2sNE,INDC(10)9STOsARS+RTF T,
. 1 AMT,DIRAGC+STNOsTAUIW,QW,UGU,UGD
of ST1=STO0/(1.0+4F%XSQRT(STO))
= IF(F.ER.0.0)G0 TO 10
"y SSEF=1,725¢RT¥X(-.3333)K(F+46.8)8%(-1.165)
Fh=.25%FTXRT/(1.4+4.0625%KT)
o ST1=ST1%(1,0-FD)4+FUXSSEF
N 10  ST=ST1%FRT
W) S=STXAKS
KN RETURN
& END
al‘
|'|
"
w
l'“
. 77
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A

30

| B S NI °7) TR Y
AL mAL e
PEIN e N NE L NP N L NE N Y INGRASE s RATEE T AR s ANE ,
L R eal, H o B o a Y I NYTG ! SALFACHGO YT TN 10 L FREF (1O,
FE b 10 D50 10,050 R 0%50) RHOLO%S0) ,OMIO0%5D )Y, Y1 D50,
1M %) ,ami 0.
ORMON P ] skl cmACKH AR INDT 10 INDE 1O s SUMK AN AL MG RETA, TAII]
e TAUE TN L YA TR e TINF QS e YL cURAX ZURIN Gt Ko YTF o YEM, Th o HUW,
ME 1D s CAMA l(‘)-allll’))-A)((IO)-S(‘OSOl.MJ‘O'JO'oBU(OﬁO)vCU(OSO.\.
ACLICO%0), B 1000%0)e( 110,0%C) , TEMEF(OS0 ) « TEMEC(O%50),FOCO0%0)
ARMACH OS5 (0%0)
CIMRIN L @/ N NNO NN NO NN MO o NND o NE o IND L0 2STO ARS o kKT o F T,
ANY , DkAGE SN0 TAULW, QW UG UGT
CNMROIN L e r R ] o INE G ITFFCO0%0) o NOFT NSKRAT
PIMENGSINN YDL P NS0 W THIL (O%0
1t INTGUNE 1Y GO TO 20
WEITE Ca o 15 T INF e TR MACHIAFRAD I R IN NEQ I/ REX Ny HGS s MW FR (1)
JINE L6 TAFINF RKR]
W ITE 1o 1S ) TINF s THoMACH AKADII y R INNEQ/REX NI HGS oMW IFR (1)
VIR JTIET TAL,PINF K]
FORPMAT (7 /73X 7HTINF = Fo.1/1X+vSHTH = F6.1/1X,
1OMMACKH NO = FAQ.1/71Xe7HRARAD = JJ2/1X,8HRIN = 12/1X
cHHNEQ + J2/IXNOHREX = J2/1XsA4HN = J31/1Xe6HHGS = E13.4/1
XeSHHW = E13.4/71X, ) INFRKANDTL NO = FA.1/1Xs7HVINF = E313.4/1X,
BHLELTA = E13.4,/71Xs ' FINF = “HJE13.4/1Xs KK = 12}
CONT I NUE
IF(rRKk . NE,2) GO TO 29
IF(FLOAYCINYG-1)/7350. . NE.FLOATC(INTG-1)/750)) RETURN
CONT INUE
VISC=(1,2267E-0S)8(TINF/TK)RE, 76
DINFsPINFRIAQAQ, /(S3.I8TINF)
KENX=VINFODINFEXU/VISC
N 30 I=2,NF2
YRLCI) =Y (L) /Y (NFD)
TOLCI)=TEMF (])/TINF
IF(RR.EQ.2) SUMK=0.0
IF(KK.EQ.1) CALL RADWAL
WRITE(AHs3S)XUIRENX+AME » SUMK
WRKITEC(L+3%5)XUsRKENX ¢+ AME » SUNK
FORMAT 7M1 XU = 2FPE11.294KH FTy10Xe9H KEWX = 1PED.2y
AXe’ AME = “»2PEL13J. 45Xy’ QK = ‘,2PE13.4y "KTU/(SA-FT SEC) ")
WRITE(&+40)DKRAGC»STNOTAULIMW QW
WRITE(1,40)DRAGCsSTNDO»TAUIW QU
FORMAT (1 0OM DRAGC = 2FE13.4+10H STNO = 2FE13.4+11H TAUIW =
2FE12.4,9HLKF/S0-FT,8H QW = 2FE13.4,15SHETU/(SQ-FT SEC))
QT=-SUMR+QW
QArRQAU=-SUNK/QW
WRITE(S,%)°THE VALUE"
WRITE(1,%)’THE VALUE'
WRITEC6,59)07,QRAW
WRITE(1,59)QT/,0QRQAW
FORMAT(?7H QT = 2FE13.4,15HRBTU/(SQ-FT,SEC)
10H QRQW = 2FEL13.4)
IF(NOFT.EQ.1) GO TO 45
GO T0 7%

78
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) V0 S0 1=24NF2
% DIFFCL)=C(TEMF(L41)-TEMF(I))/TEMF(]I))%100.0
WRITE(S.55)
WUKRKITE(L+55)
€9 FORMAT (JTHO 18X o THY e 11X o tHU L IX s THHy 1IXrIHT s 21Xy 2HFOr 10Xy 1HM,
1 10X 3HRHO»8X» AHDIFF /)
WRITE(6+60)
WRITE(1,60)
40 FORMAT (X s AH(FT) v 7XsBH(FT/SEC) 14Xy 1OH(FT2/SEC2) 14X+ 7H(DEG-R) v 4X,
1 O9H(LRF/IN2) s 14X+ PH(LEM/FT3)s6Xs9H(FPERCENT) /)
WRITE(H26S)Y(NFI)I2»UINFI)+F(1sNF3)
WRITE(I ¢85S iY(NFI)IUCNFI)F(1+NFI)
A% FORMAT(IH 1FBE12.3)
DO 70 J1=2,NP2
JO=NP2-U142
WRITE(O+85)Y(U2)oUCI2)sF (19 J2)»TEMF(J2)
1 POCID) v AMACH(JD) vRHO(J2) s F (29 J2)9F(34J2)
WRITECLy8S5)Y(JU2)sUCJ2)sF(19J2)sTEMF(J2)
1 POCJ2)yAMACH(J2) s RHOC(J2)»F (290 J2)9F(39J2)
70 CONTINUE
URITEC(S+65)Y(1)2U(L1)»F (1))
WRITECL1985)Y(1)2UCL1)9F(1+1)
GO 70 100
r% WRITE(6+80)
WRITE(1,80)
RO FORMAT(1HO»BX o 1HY » 11X s 1HUr 11Xo 1HH» 11Xe 1HT» 11X 2HFO»10X» 1HM,
1 10X+ 3IHRHO» 10Xy 7ZHY/DELTA» 10X 6HT/TINF/)
WRITE(46,85)
WRITE(1,85)
8% FORMAT(AX s AH(FT) v 7XsBH(FT/SEC) 2 AXy 1OH(FT2/SEC2) v 4X e 7H(DEG-R) r4X>
1 SPH(LEF/IN2)+ 14X 9H(LEM/FTI) /)
WRITE(A»FOI)Y(NF3I)»U(NPI)»sF(1¢NFP3)
WRITEC1,20)Y(NFI)sU(NPI)sF(1sNFJ)
90 FORMAT(IH 1FPOEL12.3)
Q0 95 J1=2,NP2
J2=NF2-J142
WRITE(S»90 Y (U2)»UCJI2)sF(1+J2)»TEHF(J2)
1 »FPOCU2) s AMACHC(J2)yRHOCJ2) s YDL(J2) ¢ TDIIL (J2)
HRITE(1990)Y(J2)sUC(J2)9F(19J2)»TEMF(J2)
1 +FOCU2) v AMACH(J2) yRHOC(J2) »YTIL(J2)» TDL (J2)
5 CONTINUE
WRITE(69»20)Y(13UC1)yF(1»1)
WURTITE(1¢90)Y (1) UCL1)yF(1s1)
100 CONTINUE
JIF(KR.EQ.1) WRITE(46+1035)
IF(KR.EQ.1) WRITE(1,105)
105 FORMAT (AXy» "RADIATION EFFECTS INCLUDEDI - INTEGRAL’)
IF(KR.EQ.2) WRITE(6+110)
IF(KR.EQ.2) WRITE(1,110)
110 FORMAT (66X 12HND RADIATION)
IF(KR.EQ.3) WRITE(692115)
IF(KR.EQ.3) WRITE(1,1135)
115 FORMAT(OXy 'RADTATION EFFECTS INCLUDED -0OFTICALLY THIN')
RETURN
END
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SUKRQUTINE COEFF
COMMON/ERLN2/NsNFL o NF2sNF3sNEQINFHIRNEX NINsKASEsNRADFEIvAM]I »AME
DEDX e XUs XD XFP e XL eUXo INTGoCSALFA/HGSsCINF(10)FREF(10),
FR(10)+F(10)sUC050)+yF(10+050) R(O0S0)+RHO(OSO0) »OM(050)+Y(050),
NEN(OSO) »AMUCOSO)

COMMON/BLK3/KRF yMACH KRy IND1(10)» INDEC10) » SUMR»AK+ALMG+EETA, TAUI
yTAUE Y VINF+DELTA» TWeTINFsQASy YL UMAXsUMIN'FRyYIFIYEM» TRy HUW Y
HF (10) +GAMA(10)+sAJ1(10)+AJE(10),SC(050) »AU(0S0) +RU(OS0)CUCOS0)
AC10,050)»yEB(10+,050)+C(10,050)y TEMFE(0S0)»TEMF(050),P0(050),
AMACH(050) »CF(050)
COMMON/ERLKA/NHyNNO s NNF yNOs NN+ NO2»NN2¢NE+INDC10)rSTOrAKSIRTF T,
AMT , IRAGC»STNO» TAUIW,QW,»UGU,UGD

DIMENSION G1(200)¢62(200)+63(200),0(10,200),51(200)+,52(200),
$3(200)

IF(KR.EQ.1) CALL RADPRM

CALCULATICN OF SMALL C S

00 10 I=2,NF1

RA= . SFR(I+1)+R(I))

RH= . SX I RHO(I+1)4RHO(I))

UM=.SR(UCT+1)4UCI))

CALL VEFF(I,1+41,EMU)

SC(I1)=RAXRAXRHXUMXEMU/ (FEIXPEI)

THE CONVESSION TERM

SA=R(1)%AMI/PE]

SR=(R(NF3)XAME-R(1)%AMI)/FEI

nX=XDh-XU

no 25 I=3,NF1

OMD=0M(I+1)-0M(I-1)

'2=,25/0X

F3=P2/0MD

F1=(OM(T+1)-0M(I))%F3

F3=(OMCI)-OM(I~-1))%F3

F2=3,&F2

Q:=SA/0MD

R2=-SEX.25

R3=K2/0MD

Fl=-(OM(I+1)+3.%0M(I))%XR3

R3=(OM(I-1)+3.%X0M(I))%R3

C1(I)=F14Q+K1

G2(I)=F24R2

G3(J1)=F3-Q+R3

CUCI)=-F1XUCI4+1)-F2%xU(I)-F3XUCI-1)

THE DIFFUSION TERM

AUCI)=2.,/0MD

RUCTY=SCC(I-1)XAUCI) /7 (OM(I)~-0OM(I-1))
AUCTI)I=SC(I)XAUCT)/(OM(I+1)-0MCI))

IF(NEQ.EQ.1) GO YO 20

00 1S J=1+NPH

ClIrI)==-FLIRF(JsT41)-F2XF(Jr 1) -PIXF(Jr1-1)

CALL SOURCE(JyI+sCSsDC(JrI))

CCUrI)==CCIrIY4CS-F(JIrIIXD(IsT)

ACJr1)=AUCI)/FREF(J)

H(Jy 1) =RUCI) /PREF (D)

CONTINUFE
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SOUKRCE TEKRM FOR VELOCITY EQUATION
S1(1)=DFDXENX

S22 =F28S1(I)/(RHOCI)BUCT ))
SIC(I)=F32SI1(I)/(KHOC(I-1)BUC]~-1))
S1(I)=F1aS1(I)/(RHOC(I41)BUCI41))
CUCT)=z=-CUCT) -2, 0(S1(I)4SD2(T)X4S3 (1)
S1(H=S1CI)/7UCl+l)
S2¢IY=82(1)/uUl)

SICIH)=SI(I »/U(I-1)

CONTINUE

COEFFICIENTS IN THE FINAL FORM

N0 30 I=3/,NF)
RL=1.7(G2(1)+AUCI)+BUCIN-S2(1))
AVCI)=(AUCD)4S1(I)-G1(I))8RL
BUCTI)=(RUCI)+S3(I)-G3I(I))XRL
CuCl)»=Cu(l)eRL

IF(NEQ.EQ.1) GO TO 40

[0 3% J=1,NFPH

00 35 I=3,NP}

RL=L1./(G2(D+ACIy DI4B(JIy1)-DC(J 1))
AlJrI)=(A(JyI)-GI(1))ERL
BCIrvI)=(B(JUs1)-G3(I))RRL
C(Je1)=C(Jr]1)XRL

CONTINUE

CALL SLIF

RETURN

END

SUKBROUTINE VEFF(I»IP1,EMW)
COMMON/ELK2/NiNF1 o NF2 NP3/ NEQ'NFHIKEXsKIN'KASE'KRADIFEI»AMI»AME,»
DPDXy XU XD XP o XL o IIXe INTGYCSALFA'HGS)»CINF(10)PREF(10),
FR(10)+F(10)9sU(050)+F(10+,050),R(050))RHO(OS0) »OM(0S0)+Y(0S0),
DENC(OSO0)yAMU(O050)
COMMON/BLK3I/KRPyMACH KRy INDNI(10) o INDEC10) ySUMRsAK»ALMGYRETA»TAUL
'TAUE VINF+DELTA» TWe TINF QS YLoUMAX UMIN'FRyYIFPoYEMs TRy HW
HF(10) rGAMA(10)+AJICL10)9AJECL10)9SC(O0SO0)»AUCOSO0)»RU(COS0)»CUCOS0)
A(10+050)+B(10+050)+C(10+050), TEMFE(OS0)»TEMF(0S0),FO(0S0)
AMACH(0S0)+CF(050)

COMMON/EBLKA/NHos NNO+NNPsNOyNNsNO2yNN2sNEy IND(10)»STOsAKS+RT+F Ty
AMT»DRAGC,STNOs TAUIW,QW,UGU,»UGD

THIS SUFROUTINE USES THE MIXING-LENGT HYPOTHESIS

ALL=ALMGXYL

YM=(Y(I)+Y(IFPLYIN,S

JE(YMJLT.AL/AK)AL=AKEYM

EMU= . SE(RHOCII4RHOCIFL) I RALXALXARS(CUCT) -UCIPI) ) Z(Y(I)-Y(IF1)))
RETURN

END

a1
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FOR CONGSEFRVATION OF STAGNATION ENTHALFY
CAUTTION US{ CONCTISTENT pPNITS

T HE

) -

&

0y -

DOYT $R0DCT OF ¢ WITH 1 1S NEGLECTED
PIRAON. P )AL ST TS, AS S TEMFA(OS0) 1 KHOA(OS0) s YALOSO ot k) N0,
P00 L TAUIO%0) s TAUI(O0%0) e ZRD10%0) . 2030 0%0)
LOMMUN, LR/ NoNF L oNFDPoNF3eNEQiNFHREX e RINRASE srFALFET vAM] o AME
NEDY e XU e XTto ¥F o XL o IX o INTGe CSALFAHGSCINF (10 oFREF (10,
FROITO) S F 10 s UE0S50) oF (10+050) R (050) KHO(OS0) s DM (OS0) s Y(0%0),
DENCOSO0) sARUY L O0%0)
CORMON/RLAZ/* KFoMACH RRsINDTIC10) 2 INDE(10) s SUMKeAR AL MG KETA, TALI]
s TAUE W VINF s DEL TA TW TINF s QS YL v UMAX UMINFRIYIF,YEN, TR oMW -
HFC10) s GARMACLO) yANTC10)+AIECLI0Q) +SCCOS0) s AU(CO0%0)  BUCOSO) v CUCOS0 ),
ACT10:0%50) s B(10+0%0)+C(10+,0%Q)TEMFE(OSO) 9y TEMF (O0%0)+F0)(0%0)
AMACHIOS0Y,CF(0%0)
COMMON/HLP G/ N NNOINNF o NOoNNsNOZ e NND o NE» INDHC10) e STOW ARSI RT.F T,
AMT DKAGE »STNO.TAULTW.OW»UGU - UG
DIMENSION KCS(200)
HEN-0Q,07¢

I1f (JU.NEL1HTO TO 20
USeSCOII o cl+ 1)U -UCI)YoUCTII ) 7 (OMCT41)-0MCT )
CS-CS-SC(l-1)suclH syt )-UuClI-1)8UCI-1) /7 (OMCIY-0OMCT-1)) i
CSe 1 .-1 . /FREF (U SCS/7(OM(I41)-0MCT~-1)) \
IF (AR, EFQ.1) GO TO 1%
AS=0.0
KS-0.0

TFAANR.FQA.1) CALL RADCOMCI)
FG-AS4CS
o - ke
-0 70 2°-
CONT INUE
=115 0 (RHOCT) ZREN)S(TEMF (1) /¢10.084,)) 2085,
RCSCIN=2,01,714E-98ZAS(QASHYTEMFP(1)R84. . +TEMF(NFI)ERQ, -20(TEMF (1)
8 4,.))
CS=.2162%32.28RCSCI) /7 (RHOCIIBUCTI))4CS
0S=(2,281,714CE-98(0,057SR(TEMF(I)/(10.%84.))%84 2 (TEMF(1)¥84,+¢
TEMF(NFI)IER4,. -2 , S(TEMF(I)%%4,.))/BREN-B.%(ZK/RHO(I))XTEMF(]I)XR3.)/

(CPCI)RUCTN) )R, 2162832.2

IF(1.EQ.NF1) GO TO 30
G0 10 2%
CONTINUE
£S=0.,0
ns=0.0
CONTINUE
RETURN
CONTINUF
JE1=11S . 0 (RHO(CI)/Z/REN)YX(TEMF(1)/7(10.%%4,))Kx5,
IANFI=1 1S K (RHO(NFI)/BEN)R(TEMF(NF3)/(10.%X%4,)) %S,
RC1=22,%1 ,714E-9%ZhN1R(TEMFP(NFI)I %4, -TEMF(1)%K4,)
RCNF3=2.,%1,714E-9%ZRANFIX(TEMF(1)X%X4,-TEMF(NF3)%X%4,)
SUMR=0-.0
B0 35 J=4,NP)
SUMR=(RCS(I)4RCS(I-1))IXR(Y(I)~-Y(I-1))%,54SUMK
CONTINUE
SUMR=SUMR+ (RCS(II4RCIHIX(Y(T)I-Y (1)), S+ (RCNFI+RCSI(NFI1)IIX(Y(NF3)-
Y(NF1))%.5
SUMR=(QS+.59SUMR+1 . 714E-9%TENF(1)%%4,)/3600,.
RETUKRN 82

END
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DURROUTINE SLTE
CIMMON/ LR /NeNFLoNFDoNFIoNEQoNFHREX ANINJRASEJRRADNFETAMEAMT,
DEDX s XU XD o XF o XL o DX INTGsCSALFAMGS s CINF (10) o FKEF (10,
FROLOV 2 F (1O NG00 F (10,050, K(O0%50) e RHO(O%0) s OM(O0%50) YO0,
DENCOSO) . ARLIO0%S0)
COMMON/BLAI/ARF o MACH AR INDICIO) » INDECLIO) v SUMK AR AL MG HETAyTAUI
s TAUE ¢ VINF s DFL TASTH TINF QS YL URAY s UMINFF L YIFsYEM, TR oHUW
HF (10, 6AMA 10D s AJTL10) cAIECTI0) »SCLOS0) v AUCOS0) + BUCOS0) o UCOS0)
AC10+0%0)  H(10+0%50)sCC10+0SC v TENMFECOSO) v TEMF(O0S50)FOC050),
ANACH(0S50) +CF(D50)
COMMON/RLANE/NH NNO+sNNF o NO/NNyNODoNND o NEZINDNT 10> s STO ARSI RTLF T,
AT IRAGC . STNO . TAUTI W, QW UGU»UGD
COEFFICIENTS NEAR THE 1 BROUNDARY FOR VELODOCITY EQUATION EQUATION
CYyeDPrY=0,
CUCNFD)=0,
GO TO (10+15+,20)¢NIN
BU(2)=-0.
AU(2)=1./7¢(1.42.8RETA)
GO 10 30
SO~84 . sUCL)IBUC1)-12.2U(1)BU(I)I+9.8U(3)H)XU(I)
BUC)=B8. 0 (2. 2UC1)4UCI)I)/(2.8UC1)47.8U(C3)4SART(SO))
AYC2)=1,-KUCD)
G0 10 30
HU(2) -0,
CALL VEFF(2,3,EMU)
AK1=1./70iXx-DFDX/7(RHOC1)BRUCLIRUC(CL))
AR2=-U(1)EANLI+DPDX/(RHOCL)BUC(1))
AJ=RHO(L1)IBUCL) X, 298(Y(2)4Y (D)) RR2/EMU
IF(KKAD,EQ.0) GO TO 2%
AU(2)=22,/7(2.¢4AJRAK])
CUDY=-,SRAJXAK2RAU(2)
G0 70 30
CU(2Y=1./(2,.43.8AJ%AK1)
AU(D2)Y=CU(2)8(2,~AJKAKL)
CUC2)=~-CU(2)KA.RAJKAK?2
F COEFFICIENTS NEAR THE € ROUNDARY FOR VELOCITY EQUATION
GO TO (35,40,45)»KEX
AU(NF2)=0.
BUICNF2)=1,/(1.42.8RETA)
GO 70 SO
SA=84 . FUCNPI)IRU(NFI)~12 . XKU(NFIIRU(NFI)49 . kUCNF1)XU(NF1)
AUINF2)=8. X (2. XUCNFIY+UINFL1)) /(2. kU(NPI)I+7 . XU(NPL1)+SQRT(SQ))
BU(NF2)=1.-AU(NP2)
60 70 SO
AUL(NP2)=0.
CALL VEFF(NF1yNFP2,EMU)
EXK1=1./70X-DFDX/ (RHO(NFPI)XUCNFI)KU(NF3))
EK2=-U(NP3)XEK14+DPDX/ (RHO(NF3)XU(NF3))
BJ=RHO(NP3I)XU(NP3I)IX . 25K (2, XY(NFI)-Y(NF1)-Y(NF2))X%x2/ENMU
CUCNF2)=1./7(2,+3.¢EJXEK])
BUCNFP2)=CU(NF2)X(2.-BJXEK)
CUCNF2)=-CU(NF2)X%4 ., xR IXKEK2
IF(NEQ.EQ.1)RETURN
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SLIF COEFFICIENTS NEAR THE 1 BOUNDARY FOR OTHER EQUATIONS
I 10% J=1NFH

Caeae2)V0,

¢ t4NFD2)=0,

GO 10 (SS+65%970) NN

CALl FRC(XDyJe INDICH)»QD)

I+t INDICY).EQ.1) GO TO 60

ALl ) =Q1

Al)e2)=1.,

F(Je2)=0.

CCJe2)=B8.%(1 . 42.5RETA)XFREF(IIRXAJI(J)/ (AKSAKKERETAX (1 . +RETAIX (1 .+
KETA)S (I . XRHO(2)+RHO(3))XU(I))

GO 10 80

FeJr1)=Ql

ACYy2)=(1 . +HETA-GAMA(J)) /(1 . +BETA+GAMA(J))
K(Je2)=1.-ACJr2)

GO T0 80
ACJy2)=(U(2XHU(T)-B. XU(1)) /(S x(U(2)4U(3))+8.%xU(1))
GF=(1.-FREF(J))/(1,.4PREF(J))
ACJe2)=(ACUv2)4GF) /(1. +A(Jr2)XGF)

B(Je2)=1,-A(J»2)

GO 10 80

BE(Jry2)=0,

CALL SOURCE(J»1+CSeDS)

AK1=1./70X~-DS

AK2=-AK1%F(Jy1)-CS

AJF=AJXPREF (J)

IF(KRAD.EQ.O) GO TO 75

A(J»2)=2,/7(2.+tAJFXAK])

C(Jr2)=-,SkAJFXAK2RA (I 2)

G0 170 80

C(Jr2)=1./7(2.+3.%AJFRAK]1)
ACJr2)=C(Je2)%(2,-AJFEKAK])
C(Jr2)=-C(Jr2)%4,.XAJFRAK2

SLIP COEFFICIENTS NEAR THE E BOUNDARY FOR OTHER EQUATIONS
GO TO (85,95+100)KEX

CalLl FBC(XDvJrINDEC(J)»QE)

IF(INIEC(J) .EQ.1) GO TO 90

AJE(J)=QE

BE(J)NF2)=1,

A(JINP2)=0.,
C(JINFP2)=-8,.%(1.4+2,.XRETA)XFREF(JIXKAJE(J)/ (AKXAKXBETAX(1.4+HETA)*
(1. +BETA)X(RHO(NFP1)4+3.XRHO(NF2))XU(NF1))

GO 70 105

F(JsNF3)=0F

B(JIsNF2)=(1 . +BETA-GAMA(J))/(1.+HETA+GAMAC(J))
A(JINP2)=1,.-R(JyNF2)

GO 70 105
B(IsNP2)=(U(NF2Y4+U(NPL1)-8.XU(NF3))/(S. X (UINF2)+U(NF1))+8.%
UCNF3))

GF=(1.-FREF(J))/ (1 .4FREF (J))
BCJsNF2)=(RH(IINP2I4GF) /(1 ., +EB(JyNF2)XGF)
ACIINF2)=1,-B(J)NP2)




100

105

D Gf P e

GO 70 105

A(JyNF2)=0.

CALL SOURCE(JsNF3,CS»DS)
BK1=1,/0X-DS

BR2=-RK1%F (J)NF3I)-CS
RIJF=BJXFPREF (J)
C(J»NF2)=1,/(2.43.%¥KJFXEK1)
BCJaNF2)=C(JyNF2)IX(2,-KRJFXEK1)
C(JINF2)=-C(JsNF2)%X4 ., XBJFXEK2
CONTINUE

RETURN

END '

SUBROUTINE FRC(XsJrINDsAJFS)

COMMON/BRLK3I/KRPsMACHsKR» INDIC10)»INDE(10) »SUMR)AK+ALMGRETA»TAUI
yTAUE VINFsDELTA» TWyTINF,OS» YL UMAX UMINYFRyYIPsYEMy» TRy HW,

HF (10)sGAMA(10)rAJTIC(10)»AJECL10)+SC(0S0)»AUCOS0) »RUCOS0)YCUCOS0),
A(10+050)+E(10+050)»C(10+,050)y TEMPE(O0S50)TEMF(0S0)FO(050),
AMACH(050)yCP(0S50)

IND=1

H MUST HAVE UNITS FT.FT/SEC.SEC

IF (J.EQ.1) GO TO 10S

GO T0 110

AJFS = HW

IF(J.EQ.2) GO TO 115

GO TO0 120

AJFS=1.0-CuW

IF(J.EQ.3)GO TO 125

GO TO 130

AJFS=CU

RETURN _

END

85




s SURROUTINE EXFNICRESsNsXsIER)
THIS SURROUTINE EVALUATES THE EXFONENTIAL INTEGRAL FUNCTIONS IN
THE RADNIATION SOURCE TERMS
TEST OF RANGE
A IER=0
i IF(ABS(X).LE,.00001) GO TO 10
M GO TO 25
IF(X)Y15+20+20
X=-.,00001
GO TO 25
X=.00001
IF(X-4.) 30,55+35
' IF(X+4.) 65:55¢50
" c ARGUMENT IS GREATER THAN 4

: ARG=4,/X
\ RES=EXF(-X)X((((((((,00094427614%ARG-.0049362007)XARG+
. 1 .011723273)%ARG-.017555779)%ARG+.020412099) XARG-.022951979) %xARG+

2 ,031208561)%ARG-.062498588)%XARG+.24999999) ARG
3 40 IF(N.EQ.1) RETURN
; NM1=N-1
EXPX=EXP(-X)
XN1=1,
B 10 45 N1=1,NM1
RES=(EXPX-XXRES)/XN1
& 45  XNi=XN1+1,
o RETURN
c ARGUMENT IS AEBSOLUTELY LESS OR EQUAL 4
IF(X)55+60+55
RES=-ALOG(ABS (X)) = ((C((CC(((((.10317602E-11%X-,15798675E~10) %X+
¢ 16826592E-9)%X-.21915699E-8)XX+.27635830E-7)%X-,30726221E-6) %X+
+30996040E-5)%kX~.,28337590E-4)%kX+,23148392E-3)%X-.,0016666906) %X+
.010416662)%X-,055555520)%xX+.25)%XX-1.0)%X-,.57721566
GO TO 40
60  RES=1.E37
" GO0 TO 40
o, C  ARGUMENT IS LESS THAN -4
W 65 IER=1
% RETURN
END

[ el

[FAR RN ] (S
oMo o

W
&)

8]

[&: o)

Lo

[ S I

DO R nEalde b
- 4 R

ke
A" Pl



10

C

[

D Wry -

SUUKFOUYTINE SOLVE(A+H.CrFoNF3)
THIS SOLVES EQUATIONS OF THE FOFRM
FOCI)=A(IIRF (T4 4R(IIRXF(I-1)4C (D)
FOR J=2.NF2

DIMENSION A(NF3I) B(NF3)sC(NF3)F(NFI)
NF2=NPI-1

R(D) = B(2)RF (1) ¢+ C(2)

DO 10 I=3,NF2

T = 1./7¢(1.-BC1)RA(CI=-1))

A(I)= A(I)eY

BCI)= (BCIDWPR(I-1) ¢+ C(I))xY

DQ 1% I=24NF2

J=NF2-T42

FOI)=A(IIRF(J41)) 4R D)

RETURN

END

REAL FUNCTION ERLT(K,WV)
REAL WV(K)

THIS FUNCTION SUEBFROGRAM CALCULATES FLANCKS RADIATION FUNCTION
COMMON/RLK1/LST»TS+ASIBS, TEMPA(OS0) »RHOA(O0S0)»YA(OSO)+ER2(050),
ER3I(050),TAU2(050)»TAU3(0S50),ZK2(050)+,2K3(050)
COMMON/BLK3I/KRFsMACH KReINDIC10)»INDIECL10) ySUMRYAK+ALMG+RETAY TAUI
'TAUE VINF sy DELTA»TWsTINFsQS» YL UMAX UMINYFRyYIP»YEM» TRy HUW,
HFC10)+GAMA(10)yAJI(10)+AJEC(L10)»SC(050)yAUCOSO) »EU(0S0),
CU(O050)rA(10+050)9»B(10+050)+C(10+SO)»TEMFE(OS0)»TEMF(0S50),
FOY050) »AMACH(0S0),CF(050)

C1=1.187€ 08

C2=25896.0

IF (LST.EQ.0) GO TO 10

T=TEMFA(LST)

GO T0 15

T=18

CONTINUE

ARGA=C2/(UWV(1)XT)

I+ (ARGA.GT.S0.) GO TO 20
HAD=C1/C(WV(1)Xx5, )X (EXF(ARGA)-1.))
EEBLT=ERAD

RETURN

CONTINUE
RANEX=ALOG(C1)~-(S.XALOG(WV (1)) +ARGA)
BAD=EXP (RALEX)

EELT=BAD

RETURN

END
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PUNCTTON SAURU T, 1)
hE AL M
LOWMMONARENL 7M. MUCBY ,ACI O
DIMENSION AL (20
EXTERNAL FN
MUC1)=0.06943184E0
MUC2)-0.33000984E0

f MU(3)=0.66999052F0

. M1 (4)=0.93056814E0

A1(1)=2,00%53

A1(2)=1.53831

A1(3)50.6946%

A1(4)=0.23156

A1(S5)=0.0499¢

! A1(6)=0,00713
A1(7)z0.00089
A1(8)=0,0
VO 10 IP=1,4

“ 10 MUCIP+4)=-MU(IF)

. N=FR

K 111=1

Y. TF(I.LT.0)III=-144

> JJyu=y
TFCJLT.0)JUd=-J44

, S=1.0

t 00 20 M=1,N

h MMM=N

® 20 S=SHA(MIRFN(III,JJD)

SMUMU=S

RETURN

END

FUNCTION FN(TvJ)
v COMMON/AREAI /M MU(B) »A(10)
o EXTERNAL FNCOS
"y FXRC=DMLIN(FNCOS+0.0/+2%3,14159+,1+300+0.0+0.001,IER)
: FN=1,/(2,0%3,14159) KFXRC
' RETURN

END
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" FUNCTION FNCOS(N,FHI)

COMMON/AREAL/MsMU(B) yAC10)

. REAL MUsFHI(K)
" FACT(Z)=EXF (-Z)KZXXZXSART(2.%3.14159%2)
N COSTH(AFHT s X s Y)=XKY4 (1, -XXK2)XX0,50%K(1.-YXK2)XX0,50%
Do ) COS(AFHI)

' FNC=0.0
A N=M
b¥- NF1=N+1
" ZN=FLOAT(N)
L N0 15 MM=1,NF1
) ZM=(MM-1)/2,
T 1S FNC=(-1.)XXZMXFACT(ZN)/(FACT(ZM)XFACT(ZN-ZM))XFACT (2. XKZN-2.%2ZM)/
A 1 (FACT(ZN)XFACT(ZN-2.%ZM))XCOSTH(PHI (1) yMUCT) 4 MUCI) I XK(IN-2 . K21}
VN FNCOS=(1./(2.%%XM))XFNC
e RETURN
8 END
fj,
“.’Q
& SUERROUTINE RADFRM
v COMMON/EBLK1/LSTsTS+ASsES,TEMPA(050) y RHOACOS0) s YA(O0S0) yERD(OSC « .
wiN 1 EE3(050),TAU2(0S0) s TAU3(050)+ZK2(050) »ZK3(050)
X COMMON/ELK2/NsNF1sNF2sNF3, NEQyNFHyKEX KINsKASE s KRATs FET+AMT - AME .

DFDXsXUr XDy XPy XLy DX s INTGrCSALFAsHGS CINF(10) »FREF(10),
FR(10)9F(10)>UC0S0)sF(10,050)+R(0S0)sRHOCOSO0)»OM(0S0) Y O~
DENC0S0) s AMU(0S0)

vh} COMMON/BLKI/KRFsMACH KRe INDIC10) s INDEC10) »SUMR AR AL MG KE "6 "

(PSRN

! 1 sTAUESVINFsDELTA»TWs TINFyQSr YL UMAX UMINFRyYIF YEM. TE oMy -
% 2 HF(10)sGAMA(10),AJIC10)7AJEC(10)+SCCOS0) »ALCOS0) s R D50 s
_ 3 CUC0S0)1A(10,050) v K(10,050)2CC(10,50)» TEMFE(OSO) » TEME . O~
o 4 F0(050)yAMACH(0S0)CF(050)
' COMMON/BLKS/KRISFINF,DIIFE(S0) sNOFTsNSKAT
X, COMMON/SANJ/SIGMEX»SIGMAB,FOEN'SIZE
dyiel DIMENSTION AUX(300), TRAN2(S50) s TRANI(50)
ﬁm. DIMENSION EXTN2(S0)rEXTN3(S0)»AK2(S0)+ARI (SO s ZRAT (* . v

1 EX2(50)9EX3(50),AR2(50)sAR3(S50) yADD(S0) AL .0
2 ED2(S0)»EBOI(S0)+ZT2(S0)»2T3(SO)»AACAY YT o0

N EXTERNAL EELT

W EXTERNAL SMUMU

e EXTERNAL AKF2

e EXTERNAL AKF2
EEN=0,075

Ta IF(NSKAT.EQ,1) GO TO 3

DA IF (NSKAT.EQ.3) GO TO 7

i AA(1)=,1739274

i AN(D2)=,3260724

B AN(3)=,3260726
AA(A)=,1739074

o N 1 I=1.4

:% SCN=0.0

.t:" g 1 4=1,4

Vb 1 SCN=SCNtLA( ]I B(AAL 1 BSAIm,
GO 10 3




-R182 119 RADIATIVE AND CONVECTIVE HEAT TRANSFER OVER ABLATING 2/2
COMPOSITE FLAT SURFA (U) RDVRNCED TECHMOLOGIES AND
TESTING LABS GREENSBORO NC D ¥ GOSHWAMI 22 APR 87

UNCLASSIFIED AFOSR-TR-87-8818 F49620-86-C-08118 F/G 28/13 NL




ll=
FERFEERE

——
.
———
(14
3
(1]
-

EEEE

MICROCOPY RESOLUTION TEST CHARY




10

12

15

SCN=0.95

O 10 L=3sNF1

TEMPA(L-1)=TEMF (L)

RHOA(L-1)=RHO(L)

YA(L=-1)=Y(L)

YOCL)=Y(L41)-Y(L)

CONTINUE

YD(2)=(Y(3)-Y(1))/2.0

YDC1)=YD(2)

TEMPA(L)=TEMP(1)

RHOA(1)=RHO(1)

Ya(1)=y(1)

TEMPA(NP1)=TEMFP (NP3)

RHOA(NP1)=RHO(NF3)

YA(NF1)=Y(NP3)

TAU2(1)=0,0

TAU3(1)=0.0

DO 25 L=1,NP1
ZK2(L)=(4,37/0.03281 )% ((RHOA(L)/BEN)X%1,009)X( (TEMFACL) X
0.00018)%x%x2.85)

ZK3(L)=(.04985/0.03281)%( (RHOA(L)/BEN)%XX1.205) % ((TEMFA(L) X
0.00018)%%5.47)

LST=L

VFRA=F(3sL)XRHO(L)/PDEN

NPART=VFRAXYD(L)/SIZE
EXTN=SIGMEXX¥NFART+SIGMABXVFRA

SKA =SIGMEXXNFART
EB2(L)=DMLINCEBLTy.05+.135+1+300,0.0,0.001,IER)
EB3I(L)=DMLIN(EBLT».135+20.+1+,300+0.05,0.001,IER)
ZKA2(L) = SIGMABXVFRA+ZK2(L)X(1.0-VFRA)

ZKA3(L) = SIGMARXVFRA4+ZK3I(L)%*(1.0-VFRA)
IF(NSKAT.EQ.1) GO TO 12
EXTN2(L)=EXTN4ZK2(L)X(1.0-VFRA)

EXTN3(L) = EXTN+ZK3I(L)X(1,.0-VFRA)
AK2(L)=(ZKA2(L)X(ZKA2(L)+2.0XSCNXSKA) ) X%0.5
AK3(L)=(ZKA3(L)X(ZKAZ(L)+2,0%kSCNXSKA) ) %X0.5 .
GO TO 1S .

AK2(L)=ZKA2(L)

AK3(L)=ZKA3(L)

IF(L.EQ.1) GO TO 25

TAU2(L) = (ZK2(L)+ZK2(L-1))%(YA(L)-YA(L-1))%0.5+TAU2(L-1)
TAUI(L) = (ZK3I(LI+ZKI(L-1))%(YA(L)-YA(L-1))%X0.54TAU3(L-1)
CONTINUE
CONTINUE

EX2(1)=(EB2(1)+ER2(2))/2.0 .
EX3(1)=(EB3(1)4EB3(2))/2.0
AR2(1)=EB2(1)%2,0%ZKA2(1)
DO 30 t=1,NP1
AR2(L)=EB2(L)%2,0%ZKA2(L)
ARI(L)=2,0%ZKAJ(L)XERI(L)
CONTINUE

90




35

40

70

DO 70 L=1sNF1
AD2(L)=(2.%AKF2(=1,90,v=Y(L+1)sARK2C(L) v ZKA2 (L)) XEX2(L)-ZKA2(L) X

1 AR2(L)Y/(AK2(L) ) XX2K(AKF2(~1490.9-Y(L+1)yARK2(L)»ZKA2(L))-AKF2(1 .,

2

3

O o~Y(L)rAK2(L) »ZKA2(L)))I )/ (AKF2(-1.71.,sY(L)=Y(L$1) 9y AK2(L)
ZKA2(L)Y-AKP2(1 .21, Y(L$1)-Y(L)yAK2(L)»ZKA2(L)))
ADI(L)=(2. ¥AKF3(-1.90.9-Y(L+1)sAK3(L)»ZKAZ(L))IXEXI(L)-ZKAI (L)X

1 ARI(L)/ZCAKICL)IXX2X(AKF3(-1490.9-Y(L+1)rAKI(L)+ZKAZ(L))-AKP3(1.,

w

S I

Py -

’) -

0.9=Y(L)sAK3(L) +ZKAI(L))I))I/(AKFI(-1.91 42 Y(L)-Y(L$+1)yAKI(L)
ZKA3(L))-AKF3(1.91.9Y(L+21)~-Y(L)sAKI(L)»ZKAZ(L)))
RO2(L)=(2,XEX2(L)-AD2(L)XAKP2(-1.90.9Y(L)rAK2(L) »ZKA2(L)) -
ZKA2(L)XAR2(L)/(AK2(L))%X%X2,0)/AKP2(1.90.¢7=-Y(L) 1 AK2(L)»ZKA2(L))
BO3(L)Y=(2. XEXI(L)~ADI(L)XAKF3(-1,+0.,Y(L)rAKI(L) »ZKA3 (L)) -
ZKAI(LYXARI(L)I/(AKI(L))IXX2,0)/AKF3(1+.90.7-Y(L)yAK3 (L) »ZKA3 (L))

IF(EX2(L).EQR.0.0) GO TO 35
ZT2(L)=1.0-(0.SXAN2(LIK(AKP2(-1,90.,9Y(L+1)sAK2(L) »ZKA2(L))~
AKF2(1.90,9Y(L) s AK2(L) »ZKA2(L) )Y +BD2(L) X0 SX(AKP2(1 490, r-Y(L+1)
rAR2(L Y »ZKA2(L))~AKP2(-1,.50.9-Y(L) yAK2(L) »ZKA2(L))))I/EX2(L)
TRAN2C(L)=(AR2(L)IXAKP2(-1.90.2Y(L41)sAK2(L)»ZKA2(L) )+
BO2(L)XAKP2(1.90.9-Y(L+1)rAK2(L) »ZKA2(L)) ¢+
ZKA2(L)XAR2(L) /7 (AK2(L)XX%2) )/ (2. XEX2(L))

GO TO 40

ZT2(L)=0.0

TRAN2(L)=1.0

IFCEX3(L).EQ.0.0)G0 TO 4S5

ZT3I(L)=1.,0-(0 . SXANI(LIK(AKF3(-1.s0.,9Y(L+1)rAKI(L)+ZKAZ (L))~
AKP3(1.90.9Y(L)vAK3 (L) sZKAZ (L)) I+EDI (LI X0 SX(AKP3(1.90.9-Y(L+1)
rAK3 (L) 9y ZKA3(L))~AKP3(-1.90.9+-Y(L)»AK3(L)»ZKAZ(L))))I/EXI(L)
TRANZ(L)=(ADRI(L)XAKF3(-1.90.Y(L+1)sAKI(L) »ZKA3(L) )+
BD3(L)XAKF3(1.90,9-Y(L+1),AK3I(L) rZKAI(L) )+
ZKAZ(L)YXARI(L)/(AKI(L)XX2))/ (2. XEXI(L))

GO T0 S0

ZT3(L)=0.0

TRAN3(L)=1.0

CONTINUE

IF (NSKAT.EQ.1)60 70O 57

IF(L.LE.3) GO TO S5
ZK2(L)=ALOG(1./(1.0-ZT2(L)))/C(Y(L)=-Y(L-1)))
ZKI(L)=ALOG(1./¢1.0-ZT3(L) )/ {(Y(L)-Y(L-1)))

GO TO 40

ZK2(L)=ALOG(1./(1.0-ZT2(L))II/((Y(I)=-Y(1))X.5)
ZKI(L)=ALOG(1./(1.0-ZT3(L)I)I/((Y(I)-Y(1))%.5)

GO TO 60

ZK2(L)=ZKA2(L)

ZK3(L)=ZKAZ (L)

CONTINUE

M=L+1

IF(L.EQ.1) GO TO 65
TAU2(L)=(ZK2(L)4ZK2(L-1))X(YA(L)-YA(L-1))X0.5+¢TAU2(L-1)
TAUZ (L) =(ZKI(L)+ZKI(L-1) )X (YACL)-YA(L-1))X0.5+¢TAUI(L-1)
EX2(M)=EX2(M~1)%(1.,~(ZK2(M=-1)R(Y(M)=Y(M~1))))+ZKA2(H-1) ¥
ER2(M-1)%(Y(M)-Y(M-1))
EXI(MI=EXI(M-1)%(1,~(ZKI(M-1)K(Y(M)-Y(M-1)))I+ZKAI(MH-1)¥
EBI(M-1)X(Y(M)-Y(M=-1))

CONTINUE
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c SUM2=2.0%XZKA2(1)XEE2(1)+ASXTRAN2(N)
« SUM3=2.0%ZKA3(1)XERI(1)+ASXTRANI(N)
QSU=QSXTRAN2(N)XTRANI(N)
O 75 I=Ns2y-1
SUM2=2.0%XZKA2(I)XEBR2(I)XTRAN2(I-1)4+SUM2
SUM3=2,0%ZKA3(I)XEEI(I)XTRAN3(I-1)+SUM3
QSW=QSWXTRAN2(I-1)XTRAN3I(I-1)
75 CONTINUE
CALL RADIUWAL
SUMR=(1.,0-REFT)X(SUMR-QSW) /3600,
C SUMR=(1.,0-REFT)X(SUM24SUM3-ER2(1)-ER3(1))/3600.
RETURN
END '

a8

F,’a‘*»:’..’.‘

FUNCTION AKF2(S+FsXsArR)
AKP2=(1.0+SkA/E)X(1.04PXSXA/B)XEXF (2.0%AXX)

B RETURN

\g;l;‘ END

;ff:’

Ea FUNCTION AKP3(SsPsXsCrD)

o AKP3=(1,0+SXC/D) % (1,0+PXSXC/D)XEXP(2,0XCXX)
Rt RETURN

o END

i SUBROUTINE RADCOM(I)

KR COMMON/BLK1/LST+»TS»AS»RS»TEMPA(050) yRHOA(050) s YA(0S0) yEB2(050) »
EB3(050) y TAU2(050) s TAU3(050) »ZK2(050) »ZK3(050)
COMMON/BLK2/NsNP1sNP2yNP3yNEQsNPHsKEXsKIN+KASE s KRADFEI »AMI»AME»
DPDX s XUrXDeXFs XL s DXy INTG»CSALFAYHGSsCINF(10) yPREF(10)
PRC10)sF(10)sU(0S0)+F(10+050)sR(050) yRHOC0S50)»0OM(050),Y(050)

o DEN(0S0) »AMU(0S0)

o COMMON/BLK3/KRFsMACH,KRs INDI(10)» INNE(10)+sSUMRsAK»ALMG»RETA»TAUI
¢ TAUEYyVINFyDELTAsTWy TINF9QSs YLy UMAXsUMINsFRoYIPyYEMs TRy HUW

HF (10) yGAMA(10)yAJI(10)»AJE(10)»SC(0S0)»AUC050) »BUC0S0)»CUCOS0)
A(10+050)sB(10+050)+C(10+050) y TEMFE(050)» TEMP(050)»F0O(050) »
AMACH(0S0) +CF(050)

y COMMON/BLKA/NH»NNOsNNPyNO»NN+NO2yNN2yNE»IND(10)sSTOrAKSIRT+F Ty
ey 1 AMT,DRAGC/»STNO,»TAUIW,QWsUGU,UGD

o NIMENSION E12(200),E13(200)+E125(200)+E135(200),DIV(200)
DIMENSION AUX(300)

EXTERNAL EBLT

EEN=0.075

M=I--1

DELT=0.1

E )

[N S Y

S WN
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R TR S A

60

TS=TEMFA(MI4DEL T

HHOS=DEN(M)XTR/TS

7K268=(4,37/0.03281)%x( (RHOS/KEN)%X%1,009)%((TSx1.8E-04)%%x2.85)
ZK3E€=(4,985E-02/0.03281)%((RHOS/REN)X%1,205)%((TSX1,.8E-04) k¥
9.47) '

SUM2=0.0

SUM3=0.0_

SUM25=0.0

SUM3S=0.0

CALL EXPNI(E2A2+2,TAU2(M)s1ER)

CALL EXPNICE2A3+2yTAU3(M)sIER)

CALL EXPNI(E2E2+2yTAU2(NP1)-TAU2(M)»IER)

CALL EXPNICE2R3,2,TAUI(NP1)-TAU3(M)sIER)

CALL EXPNICE12(¢(1),1+ABS(TAU2(M)-TAU2(1)),IER)

CALL EXPNICE13(1),1,ABS(TAUI(M)-TAU3(1))IER)
TAU2S=(ZK2S+ZK2(M-1) )X (YA(M)-YA(M-1))%X0.5+TAU2(M-1)
TAUIS=(ZK3IS+ZKI(M-1) )X (YA(M)I-YA(M-1))%0.5+TAUI(M-1)

CALL EXPNI(E2A2S+2,TAU2S,yIER)

CALL EXPNI(E2A3S»2,TAU3S»IER)

CALL EXPNIC(E2B2S:2,TAU2(NP1)-TAU2S,IER)

CALL EXPNI(E2B3S,2,TAU3(NP1)-TAU3S,IER)

LST=0

EBR2S=DMLINCEBLT»+05+.135+1,300+0.0,0.001,IER)
EB3IS=DMLINCEBLT.135720,+1¢300,0.0,0.001,IER)

CALL EXPNI(E12S(1)s1+sABS(TAU2S-TAU2(1))+IER)

CALL EXPNI(E13S(1),1,ABS(TAU3S-TAU3(1)),IER)

DO 60 L=2,NP1L

CALL EXPNIC(E12(L)»1,ABS(TAU2(M)~-TAU2(L))+IER)

CALL EXPNI(E13(L)s1+,ARS(TAUI(M)-TAUI(L))IER)

CALL EXPNI(E12S(L)+1+ABS(TAU2S-TAU2(L))»IER)

CALL EXPNICE13S(L)»1+ABS(TAU3S-TAU3(L))»IER)
SUM2=(ER2(L)XE12(L)4EB2(L-1)%XE12(L-1))X(TAU2(L)-TAU2(L-1))%,.5¢+
sSuUM2
SUM3=(EB3(L)XE13(L)+EB3(L-1)XE13(L-1))R2(TAU3(L)-TAU3(L-1))%.5¢
SUM3 :
SUM2S=(EB2(L)XE12S(L)+ER2(L-1)XE12S(L-1))X(TAU2(L)-TAU2(L-1))
X.54SUM28
SUM3S=(EB3(L)XE13S(L)+EB3(L-1)XE13S(L-1))X(TAU3(L)-TAU3(L-1))
X.5+SUM3S

CONTINUE -

DIVRAD=2,%ZK2(M)X(E2A2XER2(1)+E2R2XEB2(NF1) +SUM2-2,XEE2(M))
+2.2ZKI(M)K(E2AIXEE3(1)+E2R3XER3(NF1)+0QSXE2B2XE2B3+
SUM3-2.%XEB3(M))
DIVRAS=2.%XZK2SKk(E2A2S¥EB2(1)+E2E2SXER2(NP1)+SUM25-2, XER2S)
+2.%ZK3SK(E2AISKERI(1)+E2BISXERI (NP1 ) +QSXE2R2SKE2R3S
+SUM3S-2.XEB3S)

AS=(32,2%0.2162%xDIVRAD/(RHOCINXUC(I)))
BS=32.2%0,2162%x((DIVRAD-DIVRAS)/DELT+DIVRAD/TEMP(I))/(RHOCI) X
UCI)YXCP(I))

RETURN

END
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SUBROUTINE RADIWAL

COMMON/BLK1/LST+TSsASsyESyTEMFA(O0S50)»RHOACOS0) »YA(OSO)»ER2(050)
ER3(S50)»TAU2(050)»TAU3(050)»ZK2(050)y2ZK3(050)
COMMON/RBLK2/NyNF1s NP2y NFI+NEQ/NFHIKEXsKINsKASE,KRADNYFEI»AMI»AME,
DPDXy XU XIty XP o XL s Xy INTG/CSALFAYHGSsCINF(10),PREF(10)
PR(10)sF(10)+UC050)yF(10,050)+R(050) yRHOCO0S0)s0OM(050)»Y(050),
DEN(0S50) sAMUC050) '
COMMON/EBLK3/KRFyMACH/ KRy INDI(10)» INDE(10) »SUMRyAKsALMGYBETAY TAUI
¢t TAUEsVINFsDELTAsTU» TINF+QSy YL UMAX/UMINYFRoYIPYEM» TRy HUW»

HF (10)sGAMA(10)+AJI(10)+AJE(10)+SC(050),AUCOS0)»BU(0S50)»CU(O050),
A(105050)sE(10+,050)+C(10+y050) »TEMFE(O0T0)yTEMP(050),P0(030)»
AMACH(050),CFP(050)

DIMENSION E2T2(200)+E2T3(200)

SUMR2=0.0

SUMK3=0.0

E272(1)=1.0

E2T73(1)=1.0

CALL EXPNI(E3T2+,3,TAU2(NP1),1ER)

CALL EXPNICE3T3»3»TAUI(NP1),IER)

00 15 K=2,yNP1

CALL EXPNICE2T2(K)»2,TAU2(K)sIER)

CALL EXPNICE2T3(K)»2y TAU3(K) IER)
SUMR2=(EB2(K)XE2T2(K)+EB2(K-1)XE2T2(K~1) )X (TAU2(K)-TAU2(K-1))
X.5+SUMR2
SUMR3=(ER3(K)XE2T3(K)+EB3(K-1)XE2T3(K-1))X(TAUI(K)-TAUI(K-1)) .
X.5+SUMR3 '
CONTINUE

SUMR=2%XEB2(1)-2.XEB2(NP1)XE3T2-2.%XSUMR2

+ 2%EB3I(1)-2.%kEB3(NP1)XE3T3-2.%XSUMR3
REFT=0.0

SUMR=(1.0-REFT)%SUMR/3600,

RETURN
END
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SUBROUTINE EXTRA
COMMON/RLK2/NsNF1 NP2y NP3y NEQsNFH)KEX»KIN/KASE s KRADsPEI rAMI » AME,
DPOX s XUs XD XP s XL s 1Xy INTGsCSALFAYHGSsCINF(10)sPREF(10),
FR(10)+P(10)sUC0S50)+sF(10+050)sR(050)»RHO(0S50),0M(0S50),Y(050),
DEN(O0S0) »AMU(0S0)
COMMON/ELK3I/KRPyMACHYKRy INDI(10)» INDE(10)sSUMRYAKsALMG+BETA,TAUI
'TAUESVINFsDELTA»TU»TINF2QS» YLy UMAXyUMINIFRyYIP+sYEM» TRy HUW

HF (10) yGAMA(10)»AJI(10),AJE(10)»SC(050),AUC0S50)»BUCOS0)CUCOS0),
A(10+050)+E8(10+,050)+C(10,050)+TEMFE(OSO) »TEMF(0S50)sP0OC0S0),
AMACH(0S0) sCP(050)
COMMON/BLKA/NHsNNOsNNFyNOsNNyNO2/NN2»NEsIND(10)»STOrAKS»RT+FT,
AMT s DRAGCySTNO» TAUIW,QW,UGUUGD

COMMON/K/KRI

COMMON/GC/GCON(0S50),AMOL (050)

KIN=1

NEQ=4

KEX=2

NFH=NEQ-1

N=30

NF1=N+1

NF2=N+2

NF3=N+3

FINF=14,7

TR=537.0 .

UGCON=1543,.0

AMOL1=29.,0

AMOL2=29.0

DO 113 I=1,NF3

AMOL(I)=1,0/C(F(2y1)/AMOL1)+(F(3+1)/AMOL2))

CONTINUE

00 303 I=1,NF3

GCON(I)=UGCON/AMOL(I)

AMUL1=1,2267334E-05

AMU2=1,2267334E-05

00 301t I=1,NP3
AMUCI)=(F(2+1)XAMUL1/AMOL1)/(F(2+1)/AMOL140.3535%((1.+AMOLL/
AMOL2)XX(-0.5))%( (1.4 (AMUL/AMU2)X%X0.5%( (AMOL2/ANOL1)%X%0.25)) %%
2:.))4(F(391)XAMU2/AMOL2) /(F(35I)/AMOL240,3535%((1.4+AMOL2/ANMOL] .
YEXX(=0.5))%((1.+(AMU2/AMUL) XX0.SX( (AMOL1/AMOL2)X%0.25))%%2,))
DO 304 I=1,NP3

DEN(I)=PINFX144,/(GCON(I)XTR)

CP1=5990.0

CP2=5990.0

DO 3046 I=1,NP3

CP(I)=F(2,I)%XCP14F(3,»I)XCF2

INTIAL VALUE OF AUXILIARY PARAMETERS

TEMP(1)=TY

DO 300 I=2,NP2

TEMP(I)=(F(NH,1)-UCI)RU(I)/2.0)/CP(I)

TEMPE(I)=TEMF(I)

CALL DENSTY




DO 331 1=1,NF3

FOCI)=UENCI) X (TR/TEKF(I) )X (GCONCI)XTEMF(1)40.SXU(I)/32.2)/144.
AMACH(I)=U(I)/SART(1,4%32,2XGCON(I)XARS(TEMF(I)))
CALCULATION OF RADII

CALL RAD(XUsR(1)sCSALFA)

IF (CSALFA.EQ.0.OR.KRAD.EQ.0) GO TO 27

DO 28 I=2,NP3

R(ID=R(1)+Y(I)XCSALFA .

GO TO 29

DO 30 I=2,NP3

R(I)=R(1)

CONT INUE

CALCULATION OF OMEGA VALUES

0M(1)=0,

0M(2)=0.

[0 49 I=3,NP3
OMCI)=0M(I-1)+.SK(RHOCI)XUCT)XR(I)+RHO(I-1)%UCI-1)KR(I-1) )X
(YCI)=Y(I-1))

PEI=0M(NF2)

10 59 I=3,NPt

OM(I)=0M(I)/PEI

OM(NP2)=1,

OM(NF3) =1,

IF(NEQ.EQ.1)RETURN

DO 69 J=1,NPH

IF(KEX.EQ.1) INDE(J)=1

IF(KIN.EQ.1)INDI(J) =1

CONTINUE

RETURN _

ENIS
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